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The  complex  1, 3-di-tert-butylcyclopentadienylrhodium 
dichloride  rcp**RhCl?l  ? (3-2)  was  prepared  for  the  first  time. 
Its  structure  was  characterized  by  standard  identification 
methods  (3-H  NMR,  13C  NMR,  mass  spectroscopy,  etc).  The  evidence 
of  dimeric  form  was  given  by  x-ray  crystallography.  The  x-ray 
data  of  this  complex  are  discussed  in  terms  of  Rh-Rh 
separation,  distance  of  Rh-Cl (bridging)  and  Rh-Cl (terminal) , 
and  deviation  of  the  tert -butyl  groups  from  the  ring  plane. 
This  complex (3 -2)  was  used  to  synthesize  several  mononuclear 
compounds  including  Cp**Rh (PMe^ )C1? (4-2)  .  Cp**Rh (PPh3)Cl2 
(4-3)  ,  Cp**Rh(AcO)2(4— 4)  and  Cp**Rh (NO3 ) 2  (IzS)  • 

The  structure  of  4-3  was  of  interest  due  to  the  coupling 
of  ring  protons  with  phosphorus  of  PPI13 .  1h  NMR  and  13C  NMR 
were  discussed  in  terms  of  the  couplings.  The  variable 
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temperature  !h  NMR  spectra  gives  the  proof  of  the  rigidity  of 
4-3 .  The  x-ray  crystallography  was  discussed  to  examine  the 
rigidity  of  that  structure  and  compare  the  deviation  of  the 
tert-butyl  groups  from  the  ring  plane  with  those  of  3-2. 

The  glycolate  complex  Cp**Rh(pinacolate)  (7-1)  could  be 
synthesized  from  3-2  in  good  yield.  The  !h  NMR  and  13C  NMR  and 
FAB  mass  spectrum  were  examined  to  characterize  it  and  the  x- 
ray  crystallography  was  discussed  in  terms  of  deviation  of 
the  tert-butyl  groups  from  the  ring  plane.  The  successful 
preparation  of  7-1  provided  a  chance  to  study  reductive- 
elimination  and  oxidative-addition  chemistry.  The  photolysis 
of  7-1  caused  the  cleavage  of  the  Rh-0  bonds,  which  generated 
a  reactive  14-electron  intermediate  Cp**Rh(l)  (8-4)  via 
reductive-elimination.  The  intermediate (8-4 )  undergoes 
reaction  with  Mel,  CHCI3,  I2,  PI1SO2CI  and  DPPE  to  give  the 
products;  [Cp**RhI2]2(^l)  ,  [Cp**RhCl2]  2  (1^2)  , 
Cp**Rh(02SPh)2(iLJj!2)  and  Cp**Rh(DPPE)  (iLJLl)  .  The  intermediate 
Cp**Rh(l) (PPh3) (9-1) .  which  is  stable  under  nitrogen,  was 
isolated  and  used  for  further  oxidative-addition  chemistry. 
The  mechanism  for  product  formation  was  proposed  in  each 
reaction. 

The  irradiation  of  Cp**Rh (pinacolate) (7-1)  in  the 
absence  of  other  reagents  leads  to  dimerization  of 
Cp**Rh(l)  (8-4)  to  give  a  bridged,  metal-metal  bonded  complex, 
[Cp**Rh]  2  (pinacolate)  (IQ^IS.)  ,  and  a  non-bridged  [Cp**Rh]2 
(10-8)  . 
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The  complex  10-8  is  the  first  known  rhodium  complex 
containing  a  non-bridged,  rhodium-rhodium  double  bond. 
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CHAPTER  1 
INTRODUCTION 


General  Overview 


The  pentamethylcyclopentadienyl  ligand(Cp*)  has  played 
an  important  part  in  the  development  of  the  chemistry  of 
transition  metal  complexes.1  Compared  to  cyclopentadienyl 
metal  complexes,  those  containing  the  Cp*  ligand  generally 
exhibit  better  stability  and  higher  solubility.  Introduction 
of  tert-butyl  substituents  into  the  Cp  ring  has  been  of 
interest  because  of  the  potentially  greater  stability  and 
hydrocarbon  solubility  of  such  metal  complexes  compared  to 
their  Cp  analogs.  Relatively  little  work2-6  has  been  done  on 
metal  complexes  containing  Cp  ligands  with  bulky 
substituents.  Thus  it  seemed  desirable  to  synthesize  and 
study  di-tert-butylcyclopentadienyl (Cp**) metal  complexes. 
Such  complexes  were  expected  to  offer  advantageous  solubility 
and  stability  characteristics  similar  to  those  of  Cp* 
complexes  and  might  also  offer  the  possibility  of  size 
selective  reaction  chemistry  because  of  partial  shielding  of 
the  metal  atom  by  the  tert-butyl  groups. 

The  synthesis  of  the  Cp*  half -sandwich  complexes  of  Rh 
and  Ir7  (e.g.,  [Rh  (C5Me5)Cl2l  2)  has  been  reported  and  they  have 
been  found  to  be  both  thermally  stable  and  quite  reactive.  The 


compound  [Rh (CsMes)  CI2]  2  undergoes  metathetical  replacement  of 
the  chloride  ligands  to  give  mononuclear  compounds  on 
treatment  with  NaX  in  refluxing  methanol.  The  analogous  Cp** 
complex,  [Cp**RhCl2]2  was  chosen  as  an  initial  synthetic 
target  in  this  work  because  of  its  promise  for  conversion  to 
other  Cp**Rh  derivatives  of  interest. 

Reductive-elimination  reactions  are  known  to  be  as 
mechanistically  diverse  as  oxidative-addition  reactions.  The 
mechanisms  of  several  reductive-elimination  reactions  have 
been  studied  in  detail.75  Recently  it  has  been  reported  that 
ultraviolet  irradiation  of  transition-metal  glycolate 
complexes  leads  to  irreversible  fragmentation  via  cleavage  of 
M-0  bonds,  with  concomitant  transfer  of  two  electrons  to  the 
metal  center.8  Photolysis  of  thermally  stable  platinum (II) 
glycolate  complexes  gave  two  organic  carbonyl  compounds  and 
the  reactive  (dppe)Pt(O)  intermediate. 

It  was  expected  that  Cp**Rh (glycolate)  type  compounds 
could  be  synthesized  from  rCp**RhCl?l  ?  (3-2)  and  that  the 
photolysis  of  Cp**Rh (glycolate)  would  generate  the  reactive  14 
electron  intermediate  Cp**Rh(l),  a  species  which  should 
readily  react  with  molecules  capable  of  adding  oxidatively. 
Such  a  14-electron  intermediate  was  regarded  as  very  useful 
for  examination  of  the  oxidative-addition  chemistry  of 
rhodium (I)  under  relatively  mild  conditions.  Toward  this  end  a 
study  was  made  of  the  behavior  of  Cp**Rh(I)  in  the  presence  of 
several  kinds  of  potential  oxidants. 


This  research  has  focused  on  the  systematic  study  of  the 
reductive-elimination  of  Cp**Rh(pinacolate) ,  the  oxidative- 
addition  chemistry,  and  dimerization  of  the  reactive  Cp**Rh 
intermediate  and  to  a  lesser  extent,  related  chemistry  of 
[Cp**RhCl2]2  and  some  of  its  other  derivatives. 


CHAPTER  2 
PREPARATION  OF  DI-TERT-BUTYLCYCLOPENTADIENE (Cp**H) 

Introduction 

The  cyclopentadienyl (Cp)  ring  has  played  a  major  role  in 
the  development  of  organometallic  chemistry  since  the 
discovery  of  ferrocene  in  1951. 9  A  common  feature  in  the 
investigation  of  organometallic  chemistry  has  been  the  in- 
coordination of  a  cyclopentadienyl  ring  to  a  metal  center. 
The  Cp  ring  has  turned  out  to  be  a  rather  versatile  ligand 
and  has  been  observed  to  coordinate  to  metal  fragments  in  a 
number  of  different  o10-11  and  rc-bonding  orientations . 12-15  The 

various  bonding  modes  of  the  Cp  ligand  to  metal  fragments 
have  been  examined  in  several  molecular  systems.16 
The  effect  of  substituents  is  illustrated  by  the  penta- 
methylcyclopentadienyl  ligand (referred  to  as  Cp*),  which 
forms  a  series  of  complexes.  Compared  to  the  Cp  derivatives, 
metal  complexes  containing  the  Cp*  ligand  are  more  stable.  It 
has  been  pointed  out17  that,  while  the  r|5-C5H5  ligand  is 

sometimes  displaced  from  Rh  under  acidic  conditions,  or  in 
the  presence  of  H2,  the  corresponding  Cp*  ligand  remains 
attached. 


Furthermore,  the  electron  donating  inductive  effect  of 

five  methyl  groups  appears  to  help  stabilize  cationic  species 

and  tends  to  produce  low  spin (maximum  spin  pairing).  For 

example,  Cp*2Mn,9  which  is  low  spin  (one  unpaired  electron), 

is  stable  toward  hydrolysis  and  has  a  shorter  Mn-to-ring 

o 
distance (by  0.3  A)  than  Cp2Mn,  which  is  easily  hydrolyzed  and 

is  pyrophoric.  High  spin  transition  metal  complexes  are 

typically  labile.  Magnetic  studies  of  decamethylmanganocene 

showed  that  permethylation  of  the  Cp~  ring  results  in  an 

exclusively  low-spin  2E2g  electronic  configuration,  in 

contrast  to  other  manganocenes  where  high  spin  6Alg  states  are 

thermally  populated.18  The  practical  large-scale  synthesis  for 

Cp*  complexes  has  been  done.19 

Relatively  little  work  on  the  steric  effects  of  changing 
cyclopentadienyl  ligand  substituents  has  been  reported,2-6 
primarily  because  bulky  cyclopentadienes  have  not  been 
readily  available.  However,  there  have  been  studies  of  a  few 
metal  complexes  containing  the  1,3-di-tert- 
butylcyclopentadienyl  group  (Cp**) .  Introduction  of  tert- 
butyl  substituents  into  the  cyclopentadienyl  ring  has  been  of 
interest  because  of  the  potentially  greater  stability  and 
hydrocarbon  solubility  of  the  metal  complexes  compared  to  Cp 
complexes.  Cp**  complexes  of  group  15  elements  phosphorus, 
arsenic  and  antimony  were  synthesized  and  recognized  as  air 
sensitive  but  thermally  stable  by  Jutzi  and  Peter.20 


Metallocenes  of  the  type  Cp**2M  (2-1)  (group  14  elements 
Ge,  Sn,and  Pb)  were  also  synthesized  together  with  half- 
sandwich  complexes  of  the  type  Cp**M  (BF4)  (2-2 )  .21 

Recently  Okuda22  reported  the  synthesis  of  the  Cp** 
complexes  Cp**Fe (CO) 2CI  (2-3) .  Cp2**Co+  (2-4)  and  Cp2**TiCl2 


M 


M=  Ge,  Sn,  Pb 
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Co  A^co 

CO 
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.-CI 
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tert -Butyl  ring  substituents  might  also  be  expected  to 
alter  the  chemical  reactivity  of  cyclopentadienyl  complexes 
since  they  should  inhibit  attack  at  neighboring  carbons  or  at 
the  metal  atom  to  a  greater  extent  than  a  methyl  or  hydrogen 
substituent.  The  inductive  effect  of  two  tert-butyl  groups 
should  make  the  coordinated  metal  atom  somewhat  more 
electron-rich  than  in  a  Cp  complex  but  less  electron-rich 
than  in  Cp**  complex. 

A  good  measure  of  the  steric  effect  of  a  substituent  is 
the  ligand  cone  angle (6).  Tolman23  calculated  a  6  for 

unsubstituted  cyclopentadienyl  of  136°.  The  size  of  the  Cp* 
ligand,  which  has  a  large  cone  angle,  probably  adds  some 
kinetic  stability  to  otherwise  reactive  metal  centers.  It 
seemed  desirable  to  synthesize  and  study  Cp**  metal  complexes 
because  of  their  probable  good  stability  and  solubility 
characteristics,  the  possibility  of  selective  reaction 
chemistry,  a  new  synthetic  route  to  Cp**H,  the  relatively  few 
previous  studies  of  such  compounds,  and  the  expected  ease  of 
analysis  by  NMR  spectroscopy. 

Synthesis  of  tert-Butylcyclooentadiene24 

An  ethylmagnesium  bromide  solution  was  prepared  by 
treating  ethyl  bromide  with  magnesium  in  diethyl  ether  at  0°C . 
The  metallation  of  cyclopentadiene  with  ethylmagnesium 


bromide  in  boiling  ether  provides  cyclopentadienylmagnesium 
bromide (CpMgBr) .  Treatment  of  the  ether  solution  of  CpMgBr 
with  tert-butyl  chloride  resulted  in  the  formation  of  mono- 
tert-butylcyclopentadiene (2-6 )  in  60  %  yield  as  shown  in 
Figure  2-1. 


O        +CH3CH2M^      "^£ "      ^MgBr  + 


^L    +,BuC1  0°c     •     '*~~0 


MgBr 


60% 


Fig. 2-1.  Synthesis  of  mono-butylcyclopentadiene . 

It  was  characterized  by  1H  NMR  and  13C  NMR  spectra.  The 
1H  NMR  spectrum  shows  one  singlet  at  8  1.09  for  tert-butyl 
protons  and  four  peaks  for  Cp  ring  protons  at  8  2.87,  8  6.05, 
8  6.10  and  8  6.18  as  listed  in  Table  2-1.  The  spectrum  is 
identical  with  that  reported  in  the  literature.24 


Table  2-1.  1H  NMR  spectral  data  for  tert-butylcyclopentadiene 
in  CDCI3 


structure  ring-H  (ppm)        tert-butyl  (ppm) 

H2  :  6.05,d,lH 

H3  :  6.10, t,lH         H6  :  1.09,S,9H 

H4  :  6.18,q,lH 
H5  :  2.87,d,2H 


!<H- 


Synthesis  of  di-tert-butvlcvclopentadiene25a 

Di-tert-butylcyclopentadiene  can  be  synthesized  in  a 
manner  similar  to  that  used  for  mono-tert- 
butylcyclopentadiene.   Treatment  of  mono-tert- 
butylcyclopentadiene  with  CH3CH2MgBr  at  0°C  led  to  the 
formation  of  tert-butylcyclopentadienylmagnesium  bromide. 
Alkylation  with  tert-butyl  chloride  produced  a  mixture  of 
1,  3 -di-tert-butylcyclopentadiene  (2^8.)  and  1,4-di-tert- 
butvlcvclopentadiene (2-7)  in  a  ratio  of  70:30  as  shown  in 
Figure  2-2.  The  1H  NMR  spectra  of  2-7  and  2-8  are  listed  in 
Table  2-2.  The  spectrum  of  2-8  is  identical  to  that  reported 
in  the  literature.253  The  spectrum  of  2-7  was  not  described  in 
Reference  25a. 
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vk>  ♦ 


CH3CH2MgBr 


(fC 


2-6 


^ 


MgBr  + 


MgBr 


07       +  t-Bu  CI 


(fC 


51% 

Fig. 2-2.    Synthesis   of   di-tert-butylcyclopentadiene. 


Table   2-2.    1H  NMR   spectral   data   for  di-tert-butylcyclo- 
pentadiene  in  CDCI3 


structure 


ring-H  (ppm)       tert-butyl  (ppm) 


hC^6 


H2'3:  6.02,S,2H 


H6:1.15,S,18H 


H5:  2.93,s,2H 


H2:  6.20,S,lH        H6:1.16,S,9H 


H4:  5.78, t,lH 
H5:  2.90,d,2H 


H7:1.17,s,9H 
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The  mixture (2-7  and  2-8)  was  also  characterized  by  SP/EI  mass 
spectra,  which  exhibited  an  m/e  178  peak,  as  well  as  by  ^-H 
NMR(Table  2-2)  and  13C  NMR  spectra  (Table  2-3). 

Recently  it  was  reported  that  di-tert-butylcyclo 
pentadiene (Cp**H)  could  be  prepared  in  high  yields  by  phase- 
transfer-catalyzed  alkylation.26  Since  we  had  difficulties 
preparing  di-tert-butylcyclopentadiene (Cp**H) ,  using  that 
process  we  chose  the  older  synthetic  route. 24,25a 


Table  2-3.  13C  NMR  spectral  data  for  di-tert-butylcyclo- 
pentadiene in  CDCI3. 


structure  ring-C  (ppm)      tert-butyl  (ppm) 


c^riss.io 


C6:29.39 


C2<3:133.83 
C5:  121.01 


C2:  123.80 


C4:  123.00 

2-8  C5:  119.42  C6:29.70 

C1:  156.46  C7:30.95 

C3:  159.62 


CHAPTER  3 

CHEMISTRY  OF  1 , 3 -DI-TERT-BUTYLCYCLOPENTADIENYLRHODIUM 

DICHLORIDE  DIMER  [Cp**RhCl2]2 


Introduction 

Considerable  research  has  centered  on  metal  complexes 
which  contain  the  CpMCsMes)  ligand  since  such  complexes  are 
known  for  good  stability  as  well  as  easy  crystallization  in 
contrast  to  some  Cp(C5Hs)  analogs.  The  synthesis  of  the 
pentamethylcyclopentadienyl  (T|5-C5Me5)  half -sandwich  complexes 
of  Rh  and  Ir  (e.g.,  [Rh (C5Mes)Cl2]2)  has  been  interesting 
because  they  offer  a  quite  exceptional  blend  of  stability  and 
reactivity  seldom  found  even  among  phosphine  complexes.   This 
arises  from  the  strong  CsMes-metal  bond  (which  survives  acidic 
and  basic  as  well  as  reducing  and  oxidizing  conditions)  on 
one  hand  and  from  the  lability  of  the  ligands  on  the  other, 
which  allows  useful  reactions  to  occur. 

The  rhodium  complexes  of  Cp  are  known  but  their 
syntheses  are  somewhat  difficult.  However,  worst  of  all,  once 
the  RI1-C5H5  bond  has  been  formed,  it  turns  out  to  be  quite 
reactive  and  easily  cleaved  by  a  variety  of  reagents 
(including  hydrogen)  which  do  not  affect  the  Rh-C5Me5  bond. 
In  addition,  [CpRhCl2]n17  is  amorphous  and  insoluble  in  most 
solvents  in  contrast  to  [Cp*RhCl2]2- 
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The  first  Cp*  complex  of  Rh  was  prepared  in  the  reaction 

of  RhCl3*3H20  with  hexamethylbicyclo [2 . 2 . 0] hexa-2 , 5- 

diene.27'28  After  its  initial  incorrect  description  as  a 

complex  of  this  diene,  the  red  crystalline  compound  obtained 

in  this  reaction  was  correctly  identified  as  [Cp*RhCl2]2  and 

was  shown  crystallographically  to  have  the  structure  3-1 . 

Notably,  the  RIL2CI2  bridge  is  planar  and  not  folded,  and  the 

o 
Rh-Rh  distance  of  3.719  A  demonstrates  the  absence  of  an 

Rh-Rh  bond.29  The  same  compound  can  be  prepared  directly  from 

RhCl3*3H20  and  pentamethylcyclopentadiene (Cp*H) 28  or 

1- (l-chloroethyl)pentamethylcyclopentadiene.27  In  each  case 

the  crystalline  dimer  is  found  to  be  soluble  in  organic 

solvents . 


"^V\~   a  ci,    ci 

1  \  >  ">...  / 

Rh     RK 

^\,'^r; 

1=1 


For  this  work  it  was  desirable  that  rhodium  complexes  be 
made  which  would  retain  the  cyclopentadienyl  ligand  during 
the  changes  in  oxidation  state  and  coordination  number 
expected  to  occur  during  the  reactions  to  be  studied.  The 
Cp**  ligand  was  expected  to  parallel  the  Cp*  ligand  in 
satisfying  this  requirement. 


14 


Preparation  of    fCp**RhCl2l2 

Hydrated  rhodium  trichloride,    RhCl3(H20)n#    was  heated  to 
200°C   in  a   stream  of   dry  HCl   gas   to   give   anhydrous   RhCl3.30 
Treatment   of   a  THF   solution  of  RI1CI3  with  Cp**Li  under  reflux 
gave   the  air-stable  compound  3-2    in  very  good  yield  (65%)    as 
shown   in   Figure   3-1.    Recrystallization  with  CHCl3/pentane 
gave   orange   crystals  which  were   finally   identified  by   lH  and 
i3C  NMR,    mass   spectrum,    elemental   analysis   and  x-ray 
crystallography . 


RhCl3°3Hp        +  HCl 


200°C 


RhCL 


2=2  .2-8 


+   n-BuLi 


o 
OC 


THF,  4hr 


0 


Li 


+     RhCl 


reflux 


3  THF,  8  hr 


J~^^d 


Rh 


\ 
J=2 


Fig. 3-1.    Synthesis   of    rcp**RhCl?l9  (3-2) 
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The  i-H  NMR  spectrum  recorded  at  room  temperature  shows 
one  singlet  at  8  1.36  for  two  tert-butyl  groups,  one  singlet 
at  5  5.67  for  two  Cp  ring  protons (H4< 5)  and  a  singlet  at  8 
5.37  for  a  single  Cp  ring  proton (H2)  as  shown  in  Table  3-1 
The  13C  NMR  spectrum  shows  that  the  resonances  of  the  two 
tert-butyl  groups  are  equivalent  at  8  30.88  and  the  ring 

carbons  are  split  by  rhodium  as  shown  in  Fig. 3-3. 

It  was  not  possible  from  1H  and  13C  NMR  to  ascertain 
whether  or  not  the  structure  was  dimeric.  The  final  proof  of 
the  presence  of  the  dimer  came  from  x-ray  structure 
determination. 


Rh 


\\ 


J2 


Izl 


Table  3-1.  13C  NMR  spectral  data  for  the  compound  3-2 


solvent 


ring  C  (ppm) 


tert-butyl  C  (ppm) 


CDCI3 


C2:  81.24,  d,  JRh-c=7 . 52  Hz 
C4<5:  82.36,  d,  JRh-c=9.90  Hz 
C1*3:  108.75,  d,  JRh-c=3.38  Hz 


C6:  31.37,  s. 
C7:  30.08,  s. 


C6D6 


C2:     80.86,  d,  JRh-c=  11.30  Hz 
C4'5:   82.36,  d,  JRh-c=  6.12  Hz 
C1'3:  107.72,  d,  JRh-c=  5.54  Hz 


C6:  31.04,  s. 
C7  :  30.20,  s 
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Fig. 3-2.    1h  NMR  spectrum  of   3-2    in  CDCI3 


hWi^H^S^HHHiiiniiy^i  WHiJw^HXI>HM>»>Hi<l>WlH> 


1 


j^^^BrtiilPij'gMgigwgs^^g 


H    HI Ill' 


T      I      J      I      I      I      l      |      I      I 1      I      I      I      I      I      I r— 1—'      '      •      I      '      I      I      •      I      ■      I 1      I      I 

120  <«0  JO  SO 


L 


To" 


I    1    '    ■    ■    I    ■    ' 
40  ZP  pcyu 


Fig. 3-3.    13C   NMR   spectrum  of    3-2    in   CDCI3 
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X-rav  Crystallography 

An  x-ray  diffraction  study  was  performed  on  the  complex 
(Cp**RhCl)2  ((I-CD2  (2jz2)  .    Crystallization  from  methylene  chloride 

and  heptane  gave  small,  red-orange  colored  crystals  suitable  for 
single  crystal  x-ray  diffraction.  Data  were  collected  at  room 
temperature  on  a  Siemens  R3m/V  dif f ractometer  equipped  with  a 
graphite  monochromator  utilizing  MoKa  radiation  (A,  =  0.71073  A). 
Forty  reflections  with  20.0°  <  29  <  22.0°  were  used  to  refine  the 
cell  parameters.  Reflections (6459)  were  collected  using  the  co-scan 
method.  Four  reflections  (023,  223,  113,  113)   were  measured  every 
ninety  six  reflections  to  monitor  instrument  and  crystal  stability 
(maximum  correction  on  I  was  <  0.99  %) .   Absorption  corrections 
were  applied  based  on  measured  crystal  faces  using  SHELXTL  plus 
(Sheldrick) 31;  absorption  coefficient,  \1   =  14.34  cm~l(min.  and  max. 
transmission  factors  are  0.354  and  0.408,  respectively). 

The  structure  was  solved  by  the  heavy-atom  method  in 
SHELXTL  plus    (Scheldrick) 31  from  which  the  locations  of  the 
three  Rh  atoms  in  the  asymmetric  unit  were  obtained.  The 
asymmetric  unit  contains  one  dimer  in  a  general  position  and 
half  of  another  dimer  sitting  on  a  center  of  inversion.  The 
rest  of  the  non-hydrogen  atoms  were  obtained  from  a 
subsequent  difference  Fourier  map.   The  structure  was  refined 
in  SHELXTL  plus     using  full-matrix  least  squares.   The  non-H 
atoms  were  treated  anisotropically ,  whereas  the  positions  of 
the  hydrogen  atoms  were  calculated  in  ideal  positions  and 
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their  isotropic  thermal  parameters  were  fixed.  Four  hundred 
thirty  three  parameters  were  refined  and  X  co  (  | Fo |  -  I Fc  |  ) 2 
was  minimized;  (0=1/  (o|  Fo  |  ) 2 ,  C(  Fo)  =  0.5  kl  _1/2{[a(  I  )]2  + 

(0.02I)2  I1/2  ,  I(intensity)=  (  I  peak  -  Ibackground  ) (scan 
rate),  and  (5(1)  =  (I  peak  +  I  background) 1/2  (scan  rate),  k 

is  the  correction  due  to  decay  and  Lp  effects,  0.02  is  a 
factor  used  to  down  weight  intense  reflections  and  to  account 
for  instrument  instability.   The  linear  absorption 
coefficient  was  calculated  from  values  from  the  International 
Tables   for  X-ray  Crystallography.32   Scattering  factors  for 
non-hydrogen  atoms  were  taken  from  Cromer  and  Mann33  with 
anomalous-dispersion  corrections  from  Cromer  and  Liberman,34 
while  those  of  hydrogen  atoms  were  from  Stewart,  Davidson  and 
Simpson. 

Table  3-2.  Crystallographic  data  of  3-2 


A.  Crystal  data 

(2 

a,    A 

b,        A 

c,    A 

b,   deg 

V,    A3 

dcalc  g  cm-3  (298 

K) 

Empirical  formula 

Formula  wt ,  amu 

Crystal  system 

Space  group 

Z 

F(000) ,  electrons 

>K) 


22.584(3) 

12.175(1) 

33.325(6) 

94.05(1) 

9140(2) 

1.531 

C26H42Cl4Rh2 

702.2 

Monoclinic 

C  2/c 

12 

4272 
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Table  3-2  continued 


B.  Data  collection  (298  °K ) 

Radiation,  X    (A) 

Mode 

Scan  range 

Background 


-1 


Scan  rate,  deg.  min. 
26  range,  deg. 

Range  of  h  k  1 


Total  reflections  measured 

Unique  reflections 

Absorption  coeff.  \i    (Mo-K(x)  ,  cm"-'- 


Mo-Ka,  0.71073 

co-scan 

Symmetrically  over  1.2°  about 

Kai  2  maximum 

offset  1.0  and  -1.0  in  co  from 

Kai  2  maximum 

3-6 


3-45 

0   < 

h 

< 

24 

0   < 

k 

< 

13 

35   < 

1 

< 

35 

6459 

5971 

14.34 

C.   Structure  refinement 

S,  Goodness-of-f it 
Reflections  used,  I  >  2o(I) 

No.  of  variables 
R,  COR*  (%) 

R,  cor*  ,  all  data  (%) 

Rint.  (%) 

Max.  shift/esd 


1.52 
4740 

433 
4.11, 

5.76, 

1.06 

0.001 


4.71 
5.10 
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Table  3-2  continued. 

min.  peak  in  diff.  Four,  map  (e  A-^)  -0.46 
max.  peak  in  diff.  Four,  map  (e  A~^)  0.54 

*  Relevant  expressions  are  as  follows,  where  in  the  footnote  FQ 

and  Fc  represent,  respectively,  the  observed  and  calculated 

structure-factor  amplitudes. 

Function  minimized  was  CO  (  I  F0  I  -  I  Fc  I  )  2  ,  where  co=  (o(F))-2 

R  =  1(1 IF0I  -  IFC| I)  /  IlF0l 

COR  =  [ICDdFol  "  IFC|)2  /  I  |F0|2]1/2 

S  =  [IoXIFoI  -  IFCI)2  /  (m-n)]1/2 

The  molecule  consists  of  two  isomers  as  shown  in  Figure 
3-4  and  3-5.  Each  isomer  has  [Cp**RhCl]  units  bridged  by  two 
|!2-chloride  ligands.  The  molecule  has  precise  (i.e., 

crystallographically  required)  C±   symmetry.  Atoms  in  the 
"other  half"  of  the  molecule,  which  is  related  to  the  basic 
unit  by  the  transformation  (x',y',z')  =  (-x,-y,-z),  are 
labeled  with  a  prime. 

The  rhodium  atom  may  be  regarded  as  in  an  oxidation 
state  of  +3  (d6  configuration) .  It  achieves  the  expected 
noble  gas  configuration  by  the  donation  of  six  electrons  from 
a  [T|5-Cp**-]  anion  and  two  electrons  from  each  of  three 

chloride  ligands  (Clll,  Cll,  C12)  for  isomer  A.  The 
coordination  geometry  of  the  rhodium (III)  atom  is  that 
loosely  referred  to  as  a  three-legged  piano  stool. 

For  isomer  A  angles  between  the  chloride  ligands  are 
Cll-Rhl-C12=  80.670(6),  Cll-Rhl-Clll  =  91.29°(7)  and  Cl2-Rhl- 
Clll  =  90.62°(7).  The  terminal  chloride  ligand  is  slightly 
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Z2Q 


C29 


C28 


Fig. 3 -4.  Molecular  structure  of  isomer  A  of  3-2 
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C52 


C53 


Fig. 3-5.  Molecular  structure  of  isomer  B  of  3-2 


closer  to  the  rhodium  atom  than  are  the  bridging  chloride 

o  o 

ligands  (Rh-Clll  =  2.368  A  vs.  Rh-Cll  =  2.447  A  and  Rh-Cl2  = 

2.447  A);  the  mean  difference  is,  however,  only  ca. 0.079 

o 
A. 
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Individual  rhodium-carbon  bond  distances  range  from  Rh- 

o  o 

C(l)=2. 215(7)  A  to  Rh-C(4)=2. 150(6)  A,  the  average  value 

o 

being  2.183  A.   Although  there  is  substantial  libration 

motion  of  the  [Cp**]  ligand  about  its  fivefold  axis,  the  bond 
lengths  within  the  system  are  not  unreasonable. 

Carbon-carbon  distances  within  the  carbocyclic  ring 

range  from  C(4)-C(5)=l. 386(10)  A  to  C  (3 ) -C ( 4 ) =1 . 461 (10 )  A, 

o 

averaging  1.432  A,  as  compared  to  the  accepted  C-C 

(7i-cyclopentadienyl)  distance  of  approximately  1.43  A.35 
C (ring) -tert-butyl  bond  distances  are  not  so  adversely 
affected  by  libration:  They  have  the  same  length  1.502  A  in 
one  Cp  ring  and  show  a  little  difference  in  the  other  Cp 

ring;  C (26 ) -C (21) =1 . 505  A,  C  (23 ) -C (27 ) =1 . 526  A.  The  average 

o 

value  is  1.509  A  (i.e.,  indistinguishable  from  the  accepted 

C(sp2) -C(sp3)  distance  of  1.510(5)  A.36  The  tert-butyl 

substituents  deviated  from  the  Cp  ring  plane  with  the 

, .  .  o 

individual  displacements  being  +0.10  A  for  C(6)  and  C(7), 

+0.16  A  for  C(26)  and  C(27),  +0.07  A  for  C(47)  and  +0.15  A 

o 

for  C(46).   The  average  deviation  is  0.11  A,  and  the 

deviation  angle  of  the  tert-butyl  group  from  the  ring  plane 
is  4.8°.  The  geometries  of  [T|5-Cp*RhCl]  2  (|i-Cl)  2  (1^1)    and   [Tl5- 
Cp**RhCl]  2  (H-Cl)  2  (2^2.)  are  compared  in  Table  3-6.  They  appear 

to  be  similar  with  the  only  significant  difference  being  the 

Rh-Cl  length(2.45  A  vs  2.36  A).  The  Rh-Rh  distance  in  3_l2  is 

o 

also  somewhat  shorter  than  for  the  Cp*  analog(3.72  A)  ■ 

o  o 

3.680(6)  A  for  isomer  A  and  3.664(5)  A  for  isomer  B  of  3-2 . 
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Table  3-3.  Fractional  coordinates  and  equivalent   isotropic3 

thermal  parameters  (A^)  for  the  non-H  atoms  of  the  compound 
3-2. 

Atom x y. z IJ ,. 

Rhl  0.33663(2)  1.30173(4)  0.13564(2)  0.0410(2) 

Rh2  0.28814(2)  1.39272(4)  0.233390(10)  0.0362(2) 

Rh3  0.44743(3)  1.00198(5)  -0.04446(2)  0.0514(2) 

Cll  0.27728(9)  1.23500(14)  0.18924(5)  0.0536(8) 

C12  0.36756(8)  1.4361(2)  0.18886(5)  0.0473(6) 

C13  0.45494(11)  0.9238(3)  0.02335(6)  0.1094(13) 

Clll  0.41605(10)  1.1850(2)  0.15710(6)  0.0686(8) 

C121  0.22173(8)  1.49683(14)  0.18809(5)  0.0488(6) 

C131  0.4011(2)  1.1602(2)  -0.02039(9)  0.1210(15) 

CI  0.2906(3)  1.2343(6)  0.0828(2)  0.046(3) 

C2  0.3478(3)  1.2757(6)  0.0730(2)  0.044(3) 

C3  0.3532(3)  1.3900(6)  0.0817(2)  0.044(3) 

C4  0.2959(3)  1.4210(6)  0.0961(2)  0.048(3) 

C5  0.2596(3)  1.3293(6)  0.0965(2)  0.050(3) 

C6  0.2669(3)  1.1204(6)  0.0750(2)  0.054(3) 

C7  0.4043(3)  1.4631(7)  0.0729(2)  0.058(3) 

C8  0.2155(5)  1.0959(8)  0.0999(3)  0.113(5) 

C9  0.3157(4)  1.0353(7)  0.0813(3)  0.086(4) 

C10  0.2434(4)  1.1170(7)  0.0305(2)  0.078(4) 

Cll  0.4062(5)  1.4731(9)  0.0282(3)  0.112(6) 

C12  0.3958(5)  1.5781(8)  0.0895(3)  0.118(6) 

C13  0.4614(4)  1.4181(10)  0.0900(4)  0.143(5) 

C21  0.2380(3)  1.3609(5)  0.2848(2)  0.038(2) 

C22  0.2907(3)  1.2942(6)  0.2867(2)  0.038(2) 

C23  0.3420(3)  1.3611(6)  0.2885(2)  0.042(3) 

C24  0.3210(4)  1.4724(6)  0.2873(2)  0.052(3) 

C25  0.2595(4)  1.4738(6)  0.2857(2)  0.050(3) 

C26  0.1749(3)  1.3235(6)  0.2875(2)  0.048(3) 

C27  0.4060(3)  1.3212(7)  0.2954(2)  0.057(3) 

C28  0.1709(4)  1.2794(7)  0.3310(2)  0.070(3) 

C29  0.1599(3)  1.2312(7)  0.2577(3)  0.070(3) 
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Table   3-3   continued 

Atom x y z y_^ 

C30      0.1315(3)     1.4188(7)  0.2804(3)  0.074(3) 

C31      0.4490(4)     1.4173(8)  0.2897(3)  0.087(4) 

C32      0.4179(4)     1.2256(8)  0.2675(3)  0.075(4) 

C33      0.4133(4)     1.2807(9)  0.3392(2)  0.086(4) 

C41     0.4428(3)     1.0106(6)  -0.1084(2)  0.045(3) 

C42      0.3858(3)     0.9824(6)  -0.0945(2)  0.041(2) 

C43      0.3890(3)     0.8822(6)  -0.0729(2)  0.043(2) 

C44      0.4499(3)     0.8471(6)  -0.0730(2)  0.054(3) 

C45     0.4815(3)     0.9236(6)  -0.0938(2)  0.055(3) 

C46      0.4571(3)     1.1038(7)  -0.1362(2)  0.056(3) 

C47      0.3378(3)     0.8230(6)  -0.0558(2)  0.048(3) 

C48      0.5189(4)     1.1495(9)  -0.1240(3)  0.100(5) 

C49      0.4116(4)     1.1939(7)  -0.1360(3)  0.090(4) 

C50     0.4568(4)     1.0549(8)  -0.1789(2)  0.083(4) 

C51      0.3583(4)     0.7211(7)  -0.0325(3)  0.077(4) 

C52      0.2947(3)     0.7868(7)  -0.0915(2)  0.066(3) 

C53      0.3040(3)     0.8982(7)  -0.0290(2)  0.063(3) 

a-For  anisotropic  atoms,  the  U  value  is  Ueq,  calculated  as  Ueq 
=  1/3  XiSj  Uj_j  a-j_*  a-j*  Aj_j  where  Aj_j  is  the  dot  product  of 
the  itn  and  jt*1  direct  space  unit  cell  vectors. 
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Table  3-4.  Bond  lengths (A)  and  angles (°)  for  the  non-H  atoms 


1-2 


1-2-3 


Cll 

Rhl 

C12 

Cll 

Rhl 

cm 

C12 

Rhl 

cm 

cm 

Rhl 

Cl 

Rhl 

C2 

Rhl 

C3 

C3 

Rhl 

C4 

C4 

Rhl 

C5 

C5 

Rhl 

Cll 

Cll 

Rh2 

C12 

Cll 

Rh2 

C121 

C12 

Rh2 

C121 

C121 

Rh2 

C21 

C21 

Rh2 

C22 

Rh2 

C23 

Rh2 

C24 

Rh2 

C25 

Rh2 

Cll 

C13 

Rh3 

C131 

Cl3a 

Rh3 

C13 

C131 

Rh3 

C41 

Rh3 

C42 

Rh3 

C43 

Rh3 

C44 

Rh3 

Rhl 

Cll 

Rh2 

Rhl 

C12 

Rh2 

Rh3 

C13 

Rh3a 

C2 

Cl 

C5 

C2 

Cl 

C6 

C2 

Cl 

Rhl 

C5 

Cl 

C6 

C5 

Cl 

Rhl 

C6 

Cl 

Rhl 

C3 

C2 

Rhl 

C3 

C2 

Cl 

Rhl 

C2 

Cl 

C4 

C3 

C7 

C4 

C3 

Rhl 

C4 

C3 

C2 

C7 

C3 

Rhl 

C7 

C3 

C2 

Rhl 

C3 

C2 

C5 

C4 

Rhl 

C5 

C4 

C3 

Rhl 

C4 

C3 

Rhl 

C5 

Cl 

Rhl 

C5 

C4 

2.447(2) 


2. 
2. 
2. 
2, 
2, 
2, 
2, 
2, 

2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 


477(2) 
360(2) 
145(7) 
145(6) 
150(6) 
125(7) 
125(7) 
421(2) 

464(2) 
411(2) 
154(6) 
140(6) 
165(6) 
129(7) 
142(7) 
447(2) 
440(3) 
359(3) 
130(6) 
110(6) 
143(7) 
114(8) 


80.67(6) 
91.29(7) 
90.62(7) 


1.444(10) 


1.443  (10) 

1.502(10) 
1.424(10) 


1.461(10) 
1.502(11) 
1.386(10) 


91 

81 

90 

87 

104 


98 

96 

97 

104 

126 

70 

128 

69 


9(2) 

42(6) 

27(6) 

56(6) 

7(2) 


90.41(11) 
82.86(9) 


23(7) 

28(7) 

14(10) 

7(6) 

7(6) 

3(4) 

3(7) 

5(4) 


129.8(5) 
70.8(4) 


111. 
70 
128 
69, 
104 
129 
126 
70 
71. 
109 
70 
71 
71 


1(6) 

3(4) 
4(6) 
1(4) 
7(6) 
8(5) 
5(6) 
4(4) 
0(4) 
4(6) 
9(4) 
0(4) 
0(4) 
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Table  3-4  continued 


1-2 


1-2-3 


CI 

C5 

C4 

C8 

C6 

C9 

C8 

C6 

CIO 

C8 

C6 

CI 

C9 

C6 

CIO 

C9 

C6 

CI 

CIO 

C6 

CI 

Cll 

C7 

C12 

Cll 

C7 

C13 

Cll 

C7 

C3 

C12 

C7 

C13 

C12 

C7 

C3 

C13 

C7 

C3 

C22 

C21 

C25 

C22 

C21 

C26 

C22 

C21 

Rh2 

C25 

C21 

C26 

C25 

C21 

Rh2 

C26 

C21 

Rh2 

C23 

C22 

Rh2 

C23 

C22 

C21 

Rh2 

C22 

C21 

C24 

C23 

C27 

C24 

C23 

Rh2 

C24 

C23 

C22 

C27 

C23 

Rh2 

C27 

C23 

C22 

Rh2 

C23 

C22 

C25 

C24 

Rh2 

C25 

C24 

C23 

Rh2 

C24 

C23 

Rh2 

C25 

C21 

Rh2 

C25 

C24 

C21 

C25 

C24 

C28 

C26 

C29 

C28 

C26 

C30 

C28 

C26 

C21 

C29 

C26 

C30 

C29 

C26 

C21 

C30 

C26 

C21 

C31 

C27 

C32 

C31 

C27 

C33 

C31 

C27 

C23 

C32 

C27 

C33 

C32 

C27 

C23 

C33 

C27 

C23 

C42 

C41 

C45 

C42 

C41 

C46 

C42 

C41 

Rh3 

1.503(13) 


1.517(12) 

1.542(10) 
1.501(12) 


1.522(13) 

1.477  (13) 
1.438(9) 


1.458(10) 

1.505(10) 
1.414(9) 


1.436(10) 
1.526(10) 
1.386(12) 


1.554(10) 


1.523  (11) 

1.526(11) 
1.540(12) 


1.525(12) 

1.538(11) 
1.441(10) 


110.0(7) 
111.8(7) 


107. 

111. 

108, 

111. 

106. 

107. 

109 

108 

109 

110 

111 


(7) 
(7) 
(7) 
(6) 
(6) 
(8) 
(8) 
(7) 
(8) 
(7) 
(7) 


105.0(6) 
127.7(6) 

69.9  (4) 
126.8(6) 

69.7  (4) 
130.9(4) 


71. 
110. 

71. 
127. 

69. 
105. 
130. 
126. 

69. 

71. 
110, 

71, 

70, 

70, 
108, 
109, 
109 
106 
110 
110 
111 
111 
109 
109 
108 
110 
106 
104 
127 

69 


8(4) 
5(6) 
0(3) 
8(7) 
1(4) 
9(6) 
8(5) 
0(6) 
8(3) 
6(4) 
0(6) 
8(4) 
6(4) 
6(4) 
7(6) 
2(6) 
(6) 
(5) 
(6) 
(6) 
(6) 
(7) 
(6) 
7(7) 
8(7) 
9(6) 
4(6) 
6(6) 
6(6) 
4(4) 
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Table  3-4  continued 


C45 

C41 

C46 

C45 

C41 

Rh3 

C46 

C41 

Rh3 

C43 

C42 

Rh3 

C43 

C42 

C41 

Rh3 

C42 

C41 

C44 

C43 

C47 

C44 

C43 

Rh3 

C44 

C43 

C42 

C47 

C43 

Rh3 

C47 

C43 

C42 

Rh3 

C43 

C42 

C45 

C44 

Rh3 

C45 

C44 

C43 

Rh3 

C44 

C43 

Rh3 

C45 

C41 

Rh3 

C45 

C44 

C41 

C45 

C44 

C48 

C46 

C49 

C48 

C46 

C50 

C48 

C46 

C41 

C49 

C46 

C50 

C49 

C46 

C41 

C50 

C46 

C41 

C51 

C47 

C52 

C51 

C47 

C53 

C51 

C47 

C43 

C52 

C47 

C53 

C52 

C47 

C43 

C53 

C47 

C43 

1-2 


1.437(10: 


1 
1 


1 
1 


5i4(ii: 

415(9) 


1.440(10) 


1.510(10) 


1.389(11) 


1.532(12 


1.503  (12 


540(11) 
518(11) 


1.547(10) 


1.520(111 


1-2-3 


127.5(6) 
68.8(4) 

130.7(5) 
71.8(4) 

110.7(6) 
70.9(4) 


128. 
69. 
105, 
128, 
126, 
69, 
70, 
109, 
71, 
71, 
71, 
110, 
110, 
109 
109 
109 
111 
106 
108 
109 
111 
107 
107 
111 


1(6) 
2(4) 
7(6) 
4(5) 
(6) 
4) 
4) 
6) 
(4) 
(4) 
(4) 
0(6) 
1(7) 
3(7) 
8(6) 
2(7) 
6(7) 
7(7) 
3(6) 
8(6) 
7(6) 
9(6) 
6(6) 
4(6) 
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Table   3-5.    Anisotropic   thermal  parameters3   for   the   non-H  atoms 


Atom 


Ull 


U22 


U33 


U12 


U13 


U23 


Rhl 

0.0515(4) 

0.0393(4) 

0.0326(3)         0.0120(2) 

0.0054(3) 

0.0009(3) 

Rh2 

0.0478(3) 

0.0300(3) 

0.0309(3)         0.0024(2) 

0.0023(2) 

0.0007(3) 

Rh3 

0.0438(4) 

0.0760(4) 

0.0342(5)       -0.0151(3) 

0.0020(3) 

-0.0135(3) 

Cll 

0.0911(15) 

0.0321(15) 

0.0395(1 

0)     -0.0074(9) 

0.0178(8) 

-0.0026(10) 

C12 

0.0511(11) 

0.0521(11) 

0.0393(1 

1)     -0.0022(8) 

0.0071(8) 

0.0002(10) 

C13 

0.086(2) 

0.203(2) 

0.037(3) 

-0.0825(11) 

-0.015(2) 

0.0142(12) 

cm 

0.0790(15) 

0.0759(15) 

0.0499(1 

4)       0.0426(10) 

-0.0023(11) 

-0.0006(11) 

C121 

0.0551(11) 

0.0468(11) 

0.0435(1 

1)       0.0097(8) 

-0.0046(9) 

0.0045(10) 

C131 

0.158(3) 

0.090(3) 

0.125(2) 

-0.028(2) 

0.078(2) 

-0.063(2) 

CI 

0.055(5) 

0.048(5) 

0.035(5) 

0.005(3) 

0.002(3) 

0.002(4) 

C2 

0.051(5) 

0.054(5) 

0.026(5) 

0.014(3) 

0.004(3) 

0.005(4) 

C3 

0.058(5) 

0.046(5) 

0.027(4) 

0.004(3) 

-0.000(3) 

0.007(4) 

C4 

0.055(5) 

0.043(5) 

0.046(4) 

0.024(3) 

-0.003(4) 

0.006(4) 

C5 

0.048(5) 

0.052(5) 

0.049(5) 

0.013(4) 

0.005(4) 

0.007(5) 

C6 

0.067(5) 

0.055(5) 

0.041(5) 

-0.011(4) 

0.006(4) 

-0.005(4) 

C7 

0.057(5) 

0.058(5) 

0.057(5) 

0.000(4) 

-0.002(4) 

0.010(5) 

C8 

0.139(10) 

0.103(10) 

0.102(8) 

-0.065(7) 

0.051(7) 

-0.033(8) 

C9 

0.105(8) 

0.044(8) 

0.104(5) 

-0.006(6) 

-0.027(5) 

0.004(8) 

CIO 

0.092(7) 

0.081(7) 

0.058(6) 

0.003(5) 

-0.010(5) 

-0.011(5) 

Cll 

0.144(10) 

0.130(10) 

0.061(9) 

-0.062(6) 

0.013(6) 

0.018(6) 

C12 

0.148(11) 

0.077(11) 

0.135(8) 

-0.028(8) 

0.055(7) 

-0.017(10) 

C13 

0.066(7) 

0.147(7) 

0.213(11 

)       -0.030(8) 

-0.019(11) 

0.098(15) 

C21 

0.048(4) 

0.040(4) 

0.028(4) 

0.005(3) 

0.007(3) 

0.001(4) 

C22 

0.046(4) 

0.038(4) 

0.031(4) 

0.009(3) 

0.007(3) 

0.001(4) 

C23 

0.048(4) 

0.050(4) 

0.025(5) 

-0.005(3) 

-0.004(3) 

0.010(4) 

C24 

0.079(6) 

0.041(6) 

0.034(5) 

-0.009(4) 

-0.001(3) 

-0.000(4) 

C25 

0.071(6) 

0.044(6) 

0.036(5) 

0.012(4) 

0.005(3) 

-0.010(4) 

C26 

0.052(5) 

0.055(5) 

0.038(5) 

0.013(3) 

0.006(4) 

0.003(4) 

C27 

0.048(5) 

0.084(5) 

0.037(6) 

-0.001(3) 

-0.001(4) 

0.019(4) 

C28 

0.054(5) 

0.095(5) 

0.064(7) 

0.009(4) 

0.018(5) 

0.017(5) 

C29 

0.052(5) 

0.071(5) 

0.086(6) 

-0.009(4) 

0.004(5) 

-0.016(6) 

C30 

0.059(5) 

0.097(5) 

0.066(7) 

0.025(4) 

0.010(5) 

0.006(6) 

C31 

0.060(6) 

0.126(6) 

0.074(9) 

-0.023(5) 

0.001(6) 

0.024(6) 

C32 

0.057(5) 

0.101(5) 

0.065(7) 

0.017(4) 

-0.005(5) 

0.009(6) 

C33 

0.058(6) 

0.138(6) 

0.061(9) 

0.010(4) 

-0.007(6) 

0.043(6) 

C41 

0.049(5) 

0.048(5) 

0.037(4) 

-0.007(3) 

-0.003(4) 

-0.005(4) 

C42 

0.032(4) 

0.050(4) 

0.041(4) 

-0.003(3) 

-0.003(3) 

0.001(4) 

C43 

0.043(4) 

0.047(4) 

0.036(4) 

-0.002(3) 

-0.006(3) 

-0.010(4) 

C44 

0.049(5) 

0.055(5) 

0.056(5) 

0.010(4) 

0.008(4) 

-0.000(5) 

C45 

0.047(5) 

0.068(5) 

0.052(5) 

0.009(4) 

0.010(4) 

-0.016(5) 

C46 

0.045(4) 

0.070(4) 

0.052(5) 

-0.012(4) 

-0.000(4) 

0.006(5) 

C47 

0.049(5) 

0.050(5) 

0.046(5) 

-0.010(3) 

0.007(4) 

-0.000(4) 

C48 

0.088(7) 

0.129(7) 

0.081(9) 

-0.055(6) 

-0.010(6) 

0.033(7) 

C49 

0.108(8) 

0.076(8) 

0.088(7) 

-0.006(6) 

0.027(6) 

0.023(7) 

C50 

0.077(6) 

0.128(6) 

0.042(8) 

-0.008(4) 

-0.007(5) 

0.006(5) 

Table  3-5  continued. 
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Atom 


Ull 


U22 


U33 


U12 


U13 


U23 


0.070(7) 

0.072(6) 

-0.007(5) 

0.009(5) 

0.014(6) 

0.068(5) 

0.068(6) 

-0.021(4) 

-0.008(5) 

-0.007(5) 

0.085(5) 

0.050(6) 

-0.014(4) 

0.002(5) 

-0.004(5) 

C51  0.089(7) 
C52  0.060(5) 
C53    0.054(5) 

3-The  Uij  are  the  mean-square  amplitudes  of  vibration  in  A2  from  the 
general  temperature  factor  expression 

exp[-27C2(h2a*2Ull  +  k2b*2U22  +  l2c*2U33  +  2hka*b*Ul2  +  2hla*c*Ul3 
+  2klb*c*U23) ] 


Table  3-6 .Comparison  of  selected  intramolecular  parameters  of 
[T|5-Cp*RhCl]2(H-Cl)2(3_^l)   and  rr|5-Cn**RhCll  2  (|l-Cl)  o  (3-2  ) 


[ri5-Cp*RhCl]2(^-Cl)2 


[T|5-Cp**RhCl]2(|!-Cl)2 


Rh-Rh, 


o 
A 


Rh-Cl,    A 

(terminal ) 
o 
Rh-Cl,    A 
(bridging) 

Rh-Cl-Rh' (°) 


3.7191  (6) 

2.4522  (10) 

2.4649  (11) 

98.29  (3) 


3.680(6) ,3.664(5) 
2.360  (2) 

2.447  (2) 
98.23  (7) 


CHAPTER  4 
APPLICATION  OF  [Cp**RhCl2l2 


Introduction 


The  dimeric  dichloro (pentamethylcyclopentadienyl) rhodium, 
[Rh  (CRMeOCi?!  ?(3-l)  .  has  attracted  attention  because  of  its 
potential  catalytic  activity.  Maitlis  and  co-workers  found 
that  it  could  be  used  as  a  catalyst  for  hydrogenation  of 
alkenes  and  arenes.37,38  It  has  been  pointed  out  that  while 
the  T|5-C5H5  ligand  is  easily  displaced  from  Rh  under  acidic 
conditions,  or  in  the  presence  of  H2 ,  the  corresponding 
C5Me5(Cp*)  ligand  survives  such  conditions.39  Furthermore,  the 
electron-donating  inductive  effect  of  five  methyl  groups 
appears  to  help  stabilize  cationic  species,  and  the  steric 
bulk  of  the  Cp*  ligand  probably  adds  some  kinetic  stability  to 
otherwise  reactive  Rh  centers. 

The  compound  3-1  undergoes  metathetical  replacement  of 
the  chloride  ligands  on  treatment  with  NaX  in  refluxing 
methanol(X=  Br,  I,  N3 ,  NCO,  SCN).40-42  Reactions  of  3-1  with 
silver  carboxylates  produce  the  neutral  carboxylate  compounds 
Cp*Rh[OC(0)R]2-43  Reduction  of  3-1  with  NaBH4  in  the  presence 

of  base  yields  the  bridging  hydride  complex (4-1) . 44  which  has 

o 

a  much  shorter  Rh-Rh  separation  (2 .  906  A)  than  that  in  the 

parent  complex  3-1 . 
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The  compound (3-1)  also  undergoes  a  variety  of  reactions  in 
which  the  halogen  bridge  is  split  by  a  donor  ligand  to  give 
the  neutral  mononuclear  compounds  Cp*Rh(L)Cl2  (L=  PPh.3 ,  dppe, 
Py,  MeNC)  .  41<45  The  reaction  of  3-1  with  cyclohexadienes  was 
also  studied.46 

Since  3-1  was  already  known  for  significant  activity,  it 
was  thus  of  interest  to  apply  the  rhodium  complex (3-2) .which 
has  bulkier  groups  than  3-1 .  to  analogous  reactions  to  study 
the  difference  in  chemistry.  Several  compounds  were  reacted 
with  3-2  and  the  ^-H  NMR  and  13C  NMR  spectra  of  the  subsequent 
products  measured. 

Reaction  of  3-2  with  PMe^ 

Reaction  of  3-2  with  a  little  excess  of  PMe3  in  THF  at 
room  temperature  for  12  hr  led  to  the  formation  of  an  air- 
stable,  red-yellow  solid.  Recrystallization  from  CH2CI2  and 
pentane  gave  a  product  in  62  %  yield  which  was  found  to  be 
the  mononuclear  complex,  Cp**Rh(PMe3)Cl2  (4-2)  by  1H  NMR  and 
13C  NMR. 
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Fig. 4-1.  Synthesis  of  Cp**Rh(PMe3) CI2  (4-2) 


spectroscopy  and  FAB  MS.  The  XH  NMR  and  13C  NMR  spectra  of 
4-2  are  listed  in  Table  4-1.  As  shown  in  Figure  4-2  the  1H 
NMR  spectrum  of  4-2  exhibits  peaks  attributable  to  the  tert- 
butyl  protons,  the  Cp**ring  protons,  and  the  methyl  protons 
of  the  coordinated  PMe3 .  In  the  XH  NMR,  one  Cp**  ring 
proton (H2)  is  found  as  a  doublet (Jp-h=  9.75  Hz)  at  5  5.56  due 
to   splitting  by  phosphorus.  The  other  two  ring  protons (H4- 5) 
of  the  Cp**  ring  also  appear  as  a  doublet  at  8  4.59  but  have 
a  very  small  coupling  to  phosphorus  (Jp-H=l .  08  Hz).  The  methyl 
protons  of  PMe3  are  found  as  a  doublet  at  8  1.75  in  the  1H  NMR 
with  a  large  coupling  to  phosphorus  (Jp_H=12 .  21  Hz).  The  13C 
NMR  absorptions  of  the  Cp**  ring  show  two  sets  of  resonances, 
a  resonance  assigned  to  C2  at  8  71.20  (JRh-c=8.41  Hz)  and  a 
resonance  assigned  to  C4-5  at  8  82.80  (JRh-c=20.25  Hz),  both 

of  which  are  doublets  as  a  result  of  coupling  to  rhodium.  The 
methyl  carbons  of  PMe3  appear  as  a  doublet  at  8  17.36  (Jp-c= 

34.37  Hz)  and  are  coupled  to  phosphorus. 
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Table  4-1.  NMR  spectral  data  for  the  compound  4-2 
in  CDCI3 


tert-butyl    ring(ppm)        PMe3  (ppm) 


H7:  1.33,  s     H2:5.56,d,lH     H8:1.75,d,9H 
1H  NMR  Jp_H=9.75  Hz     JP_H=12.21  Hz 

H4,5:4.59,d,2H 
Jp_H=1.08  Hz 

13C  NMR     C7:  29.79, s     C2 :   71.20,  d     C8:  17.36,d 

C6:   30.66,s    JRh-c=  8.41  Hz     JP_C=34.37  Hz 

C4,5:  82.80,d 
jRh-C=  20.25  Hz 

Cl-3:  129. 21, d 
jRh-c-  9.25  Hz 
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Fig. 4-2.    XH  NMR  spectrum  of   4-2    in  CDCI3 


-— jlJL 


Ml         I   ■  ■     II 


•  r^mi+vm  inM  *» 


T. 


,  ,  I  I  I  I  I  I  I  I  I  I  I  I  I  '  '  '  I  '  '  '  '  I  '  '  '  '  I  '  '  '  '  I  '  '  I  '  I  I  '  '  '  I  I  '  '  '  I  '  '  '  '  I  '  '  '  '  J  JJ 

.J-  ma  an  .k  an  ■   ^" 


Fig.  4-3       13C   NMR    spectrum  of    4-2    in   CDCI3 
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Reaction  of  3-2  with  a  little  excess  of  PPh3  in  THF  at 
room  temperature  for  6  hr  led  to  the  formation  of  an  air 
stable  mononuclear  complex  Cp**Rh (PPh^Cl? (4-3)  in  89  %  yield. 
It  was  characterized  by  1H  NMR,  13C  NMR  and  FAB  MS. 
Crystallization  from  CH2CI2  and  heptane  gave  air  stable,  red 
crystals  suitable  for  x-ray  crystallography,  which  supports 
the  mononuclear  structure  of  4-3 .  The  1H  NMR  and  13C  NMR 
spectra  of  4-3  are  similar  to  those  of  4-2 .  The  structure  and 
spectra  will  be  reviewed  in  Chapter  5  in  detail. 
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Fig. 4-4.  Synthesis  of  Cp**Rh (PPh3 ) CI2  (4-3) 
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Reaction  of  3-2  with  Silver  Acetate 


Reaction  of  3-2  with  silver  acetate  proceeds  in  THF  at 
room  temperature  for  2  hr  to  afford  yellow-orange  crystals  of 
mononuclear  product  Cp**Rh(OAc) 9 (4-4)  in  86  %  yield.  It  was 
characterized  by  m.p,  1H  NMR  and  13C  NMR  spectroscopy.  As 
shown  in  Figure  4-6,  the  1H  NMR  spectrum  of  4-4  exhibits 
peaks  attributable  to  tert-butyl  protons,  Cp**  ring  protons, 
and  CH3  protons  of  the  coordinated  acetate (AcO)  groups.  The  1H 
and  13C  resonances  for  the  tert-butyl  group  appear  at 
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positions  similar  to  those  found  for  other  Cp**  compounds. 
Coordination  of  the  acetate  group  was  suggested  by  a  peak  at 
8  2.02  in  the  1H  NMR.  The  13C  NMR  spectrum  also  exhibits  two 

singlet  peaks  at  5  38.40  and  8113.27  which  may  be  assigned  to 
the  methyl  and  carbonyl  carbons,  respectively.  Three  peaks 
were  observed  for  Cp**  ring  carbons  in  the  13C  NMR  spectrum, 
analogous  to  those  of  other  Cp**  complexes:  8  69.43 (JRh-c= 
8.13  Hz),  873.97(JRh_c=  9.23  Hz),  and  8  113  .  20  ( JRh-c=  9.51  Hz). 
Each  ring  carbon  is  coupled  to  rhodium. 
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Fig. 4-5.    Synthesis   of   Cp**Rh(OAc) ? (4-4 
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Fig. 4-6.  XH  NMR  spectrum  of  4-4  in  CDCI3 


Fig.  4-7   13C  NMR  spectrum  of  4-4  in  CDCI3 
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Reaction  of  3-2  with  Silver  Nitrate 

Reaction  of  3-2  with  silver  nitrate  proceeds  in  THF  at 
room  temperature  for  1  hr  to  afford  yellow-orange  crystals  of 
mononuclear  product  Cp**Rh(NCh) ? (4-5)  in  89  %  yield.  It  was 
characterized  by  m.p,  FAB  MS,  1H  NMR  and  13C  NMR  spectroscopy. 
The  1H  NMR  spectrum  of  4-5  exhibits  peaks  at  81.40,  8  5.44 
(jRh-H=  4.14  Hz)  and  8  5.60(JRh-H=  1-05  Hz)  attributable  to 

tert-butyl  protons  and  Cp**  ring  protons.  The  13C  resonances 
for  the  tert-butyl  group  also  appear  at  positions  (8  29.19, 
8  31.27)  similar  to  those  found  for  other  Cp**  compounds. 
Three  peaks  were  observed  for  Cp**  ring  carbons  in  the  13C  NMR 
spectrum,  analogous  to  those  of  other  Cp**  complexes  and  each 
ring  carbon  is  coupled  to  rhodium:  8  68 .  14  ( JRh-c=  7.32  Hz), 
869.81(JRh-c=  8.33  Hz),  and  8116.42  (JRh-c=  9.01  Hz). 
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Fig. 4-8.  Synthesis  of  Cp**Rh(NCh)o (4-5) 
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Fig.  4-9.    1H  NMR  spectrum  of    4-5   in  CDCI3 
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Fig. 4-10.    13C   NMR    spectrum   of    4-5    in   CDCI3 


CHAPTER  5 
STRUCTURE  AND  SPECTRA  OF  Cp**Rh  (PPI13  )  CI2 

Introduction 


The  story  of  rotational  barriers  in  compounds  is  a  topic 
of  interest  to  chemists,  as  conformational  stability  is 
important  in  terms  of  understanding  both  chemical  bonding  and 
stereospecif ic  reactivity.  In  general,  the  barrier  to 
rotation  about  the  metal-to-ring  bond  in  bis(T|5- 
cyclopentadienyl) metal  complexes  is  very  small.  The  ri5-Cp 
ring  rotates  very  fast  at  the  room  temperature,  typically  10" 
nS(47a  an(j  j_n  no  caSe  has  it  been  stopped  in  solution.  For 
ferrocenes,  the  barrier  to  rotation  is  2-5  kcal/mol.47b  An 
electron  diffraction  study  of  ferrocenes  indicates  that  in 
the  vapor  state  the  Cp  rings  rotate  freely  about  the  common 
orthogonal  axis.48  Molecular  orbital  treatments  49<50  of 
ferrocene  suggest  that  no  major  barrier  exists  against  free 
rotation  of  the  Cp  rings.  Estimated  values  of  the  rotational 
barrier  for  other  metallocenes  and  for  cyclopentadienyl  metal 
carbonyls  are  of  the  same  order  of  magnitude. 

There  are  two  factors  which  affect  the  value  of  the 
rotational  barrier,  the  bulkiness  of  the  substituents  on  the 
Cp  ring  and  the  volume  of  the  ligands  coordinated  to  the 
metal.  For  example,  the  activation  free  energy  for  rotation 
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about  Cp*2Zr-CH(SiMe3)2  51  is  exceptionally  high,  13.4±1.8 
kcal/mol  due  to  the  bulky  ligand. 

The  first  conf ormationally  rigid  structures  with  bulky 
ring  substituents  were  three  half-sandwich  complexes  of 
cobalt  reported  by  Werner,52  5-1  and  two  analogs.  Their  1h  NMR 
data  proved  that  they  were  rotationally  rigid  even  at  100°C. 


Table  5-1.  1H  NMR  spectral  (ppm)data  for  the  compound 
5^152  in  C6D6. 


Ring-H  PMe3  t-Butyl 

H2:   3.37,  1H,  d        1.11,  9H,  d       1.28,  18H,  s 
Jp-H=6.0  Hz  JP-h=6.5  Hz 

1.09,  9H,  d 
Jp_H=6.5  Hz 

H4-5.  3.69,  2H,  d 
JP-H=4.5  Hz 


Therefore,  in  the  case  of  the  substituted  cyclopentadienyl 
complexes  C5H5_nRnMLm  it  should  be  possible  by  choice  of 
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sufficiently  bulky  substituents  R  and  voluminous  (especially 
not  rod-shaped)  ligands  L  to  hinder  rotation  about  the  metal- 
to-ring  bond  to  such  an  extent  that  certain  conformers  can  be 
frozen.  Since  Cp**Rh (PPh3 ) CI2  has  two  bulky  tert-butyl  groups 
on  the  Cp  ring  and  a  voluminous  PPI13  ligand,  it  is  expected 
to  exhibit  hindered  rotation  about  metal-Cp  ring  axis. 

Structure  and  Spectra 

As  shown  in  Fig. 5-1,  the  1H  NMR  spectrum  of  4-3 
exhibited  peaks  attributable  to  the  tert-butyl  protons,  the 
Cp  ring  protons  and  the  phenyl  protons  of  the  phosphorus 
ligand.  The  phenyl  resonances  show  typical  complex  structures 
resulting  from  splitting  by  phosphorus.533  The  Cp  ring  protons 
resonances  might  be  expected  to  be  split  by  rhodium  (103Rh, 
100%  abundance,  spin  1/2)  and  by  phosphorus,  but  coupling  by 
rhodium  was  not  observed.  Coupling  of  such  ring  protons  to 
rhodium  is  generally  small  (ca.  0.4  cps)53b  and  rarely  found. 
The  13C  NMR  spectrum  (Fig. 5-2)  indicates  that  the  carbons  of 
the  Cp  ring  are  split  by  rhodium  as  shown  in  Table  5-3,  but 
the  1H  NMR  shows  that  only  one  proton  out  of  three  of  the 
Cp**  ring  is  split  by  phosphorus  as  shown  in  Fig. 5-1.  The 
peaks  at  8  4.06  and  8  5.54  are  in  the  area  ratio  of  2:1.  Thus 
the  singlet  resonance  at  8  4.06  is  assigned  to  H4,H5  and  the 
doublet  resonance  of  8  5.54  is  assigned  to  H2  (Table  5-2).  The 
fact  that  only  the  peak  at  8  5.54  is  split  significantly  by 
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phosphorus  is  interpreted  to  mean  that  the  structure  is 
rotationally  rigid.  Phosphorus  exhibits  moderate  coupling 
(JP_H=  8.31Hz  in  CDCI3)  to  the  ring  proton  in  a  trans 
relationship  but  its  coupling  to  the  cis   ring  protons  is 
small  (Jp_H=  1.44  Hz)  in  CDCI3  and  undetectable  in  CgDg.  The  1H 
NMR  spectrum  was  unchanged  when  measured  at  60°C,  indicating 
that  the  rotational  barrier  is  at  least  11.2  kcal/mol. 
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Table  5-2.  1H  NMR  spectral  data(ppm)  for  the  compound  4-3 

Solvent    tert-Butyl      Ring  H  PPh353a 

CDCI3      1.23,s,18H     H2:  5.54,  d  7.37,  m,  9H 

Jp_H  =8.31  Hz        JP_H  =  9.96Hz 

H4-5:4.06,  d  7.92,  m,  6H 

JP_H=  1.44  Hz        Jp_H  =16.80Hz 


C6D6        1.18,s,18H     H2:  5.42,  d,  6.98,  d,  9H 

Jp_H  =9.84  Hz         Jp_H  =  6.70Hz 

H4<5:4.06,  s  8.12,  m,  6H 

Jp_H  =17.70Hz 
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Fig. 5-1.    1H  NMR  spectrum  of    4-3    in  CDCI3 
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ig.5-2.     13C   NMR    spectrum   of    4-3    in    CDCI3 
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Table  5-3.  13C  NMR  spectral  data(ppm)  for  the  compound  4-3 

solvent     ring  C(a)         tert-butyl  C(a)       PPh3 (b> 

CDC13    C2:  74.30,  d  C6:  33.22,  s     127.96,  d 

jRh-c=  8.40  Hz  Jp-c=  10.40  Hz 

C4:  77.80,  d  C7 :  29.37,  s     130.44,  d 

jRh-c=  4.04  Hz  Jp-c=  2.56  Hz 

C5:  78.05,  d  134.38,  d 

jRh-c=  4.06  Hz  Jp-C=  9.41  Hz 

C1-3:  131.89,  d 
JRh.c=  5.28  Hz 

C2:  74.26,  d         C6:  33.28,  s      130.40,  d 

jRh-c=7.50  Hz  Jp-C=  2.48  Hz 

C6D6      C4<5:76.90,  d        C7 :  29.47,  s      135.04,  d 

jRh-C=7.51  Hz  Jp-c=  9-44  Hz 

134.38,  d 

Jp_c=  9.41  Hz 

*  assignment (a)  is  based  on  53a (ref),  and  (b)  is  based  on  53c 

The  31P  NMR(C6D6)  spectrum  shows  the  resonance  at  8  54.81 
for  PPh3 .  The  question  of  why  two  tert-butyl  substituents 
hinder  rotation  of  the  Cp  ring  might  be  explained  in  terms  of 
a  "gear  mechanism".52  When  a  Cp**  ring  is  present,  it  is 
impossible  on  rotation  about  the  metal-ring  axis  for  the 
tert-butyl  groups  to  get  past  the  triphenylphosphine  ligand 
despite  rotation  about  the  C-CMe3  bond. 
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X-ray  Crystallography 

An  x-ray  diffraction  study  was  performed  on  the  complex 
Co**Rh (PPhn  )C1? (5-2 )   Crystallization  from  methylene  chloride  and 
heptane  gave  air  stable,  red  crystals  suitable  for  single  crystal 
x-ray  diffraction.  Data  were  collected  at  room  temperature  on  a 
Siemens  R3m/V  dif fractometer  equipped  with  a  graphite 
monochromator  utilizing  MoKa  radiation  [X=   0.71073  A).  Fifty 
reflections  with  20.0°  <  20  <  22.0°  were  used  to  refine  the  cell 
parameters.  3973  reflections  (2  equivalent  sets;  -10  <  h     <    10,  0 
<  k     <  15,  -11  <  I  <  11)  were  collected  using  the  w-scan  method. 
Four  reflections  (122,  131,  011,  021)  were  measured  every  96 
reflections  to  monitor  instrument  and  crystal  stability  (maximum 
correction  on  I  was  <  1.02  %).  Absorption  corrections  were  not 
applied  due  to  the  small  crystal  size;  \l  -    8.5  cm"-'-. 

The  structure  was  solved  by  the  heavy-atom  method  in 
SHELXTL  plus    (Scheldrick) 31  from  which  the  location  of  the  Rh 
atom  was  obtained.  The  rest  of  the  nonhydrogen  atoms  were 
obtained  from  a  subsequent  difference  Fourier  map.   The 
structure  was  refined  in  SHELXTL  plus     using  full-matrix 
least  squares.   The  non-H  atoms  were  treated  anisotropically , 
while  the  positions  of  the  hydrogen  atoms  were  calculated  in 
ideal  positions  and  their  isotropic  thermal  parameters  were 
fixed.  Three  hundred  fifteen  parameters  were  refined  and  Zco  ( 
I  Fo  |  -  |fc|)2  was  minimized;  w=l/  (0Q.F0Q.) 2 ,    G{    Fo)  =  0.5  kl 
~1/2{[o(  I  )]2  +  (0.021)2  }l/2  f  i(intensity)=  (  I  peak  - 
^background  ) (scan  rate  ),  and  o(l)  =  (  I  peak  +  I 
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background)  "''^  (scan  rate),  k  is  the  correction  due  to  decay 
and  Lp  effects,  0.02  is  a  factor  used  to  down  weight  intense 
reflections  and  to  account  for  instrument  instability.   The 
linear  absorption  coefficient  was  calculated  from  values  from 
the  International   Tables   for  X-ray  Crystallography.32 
Scattering  factors  for  non-hydrogen  atoms  were  taken  from 
Cromer  and  Mann33  with  anomalous-dispersion  corrections  from 
Cromer  and  Liberman,34  while  those  of  hydrogen  atoms  were  from 
Stewart,  Davidson  and  Simpson. 

Crystallographic  data  and  data  collection  parameters 
are  summarized  in  Table  5-4.  A  drawing  showing  the  atom- 
numbering  scheme  for  4-3  is  presented  in  Figure  5-4.  Table 
5-5  lists  the  nonhydrogen  atom  fractional  coordinates  and 
equivalent  isoptopic  thermal  parameters. 

Table  5-4.  Crystallographic  data  for  the  compound  4-3 
A.  Crystal  data  (298  °K ) 


a,  A 

b,  A 

c,  A 
b,  deg. 
V,  A3 

dcalc  9  cm-3  (298  K) 
Empirical  formula 
Formula  wt ,  g 
Crystal  system 


10.008(1) 

13.993  (2) 

10.351(1) 

97.74(1) 

1436.4(3) 

1.418 

C3iH3  6PCl2Rh 

613.38 

Monoclinic 
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Table  5-4  continued 


Space  group 

Z 

F(000) ,  electrons 


P2i 

2 

632 


B.  Data  collection  (298  °K ) 

Radiation,  A.  (A) 

Mode 

Scan  range 


Background 

Scan  rate,  deg.  min.-1 
29  range,  deg. 

Range  of  h  k  1 

(2  equivalent  sets) ) 

Total  reflections  measured 

Unique  reflections 

Absorption  coeff.  |!  (Mo-K<x) #  cm--'- 


Mo-Ka,  0.71073 

co-scan 

Symmetrically  over  1.2°  about 

K(X1  2  maximum 

offset  1.0  and  -1.0  in  co  from 

Kai f  2  maximum 

3-6 
3-45 


10        < 

h 

< 

10 

0        < 

k 

< 

15 

11      < 

1 

< 

11 

3973 

1988 

8.5 

C.   Structure   refinement 

S,  Goodness-of-f it 
Reflections  used,  I  >  2o(l) 

No.  of  variables 
R,  COR*  (%) 

R,  cor*  ,  all  data  (%) 

Rint.  (%) 

Max.  shift/esd 


1.00 
1844 

315 

2.75, 

3.24, 

2.28 

0.001 


min.  peak  in  diff.  four,  map  (e  A  3)  -0.34 
max.  peak  in  diff.  four,  map  (e  A-3)  0.28 


06 

21 
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Table  5-4  continued 

*  Relevant  expressions  are  as  follows,  where  in  the  footnote  Fo 
and  Fc  represent,  respectively,  the  observed  and  calculated 
structure-factor  amplitudes. 
Function  minimized  was  00(lFol  -  IFC|)2,  where  co=  (s(F))~2 

R  =  1(1  IF0I  -  I Fc I  t)  /  IlF0l 

cor  =    [IcodFol    -    IFCI)2   /I  IF0I2]1/2 

S   =    [XfiHIFol    -    IFCI)2   /    (m-n)]1/2 

C7 


Fig. 5-3.  Molecular  structure  of  4-3 
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The  interatomic  distances  and  bond  angles  for  Cp**Rh  (PPI13 )  CI2 
are  listed  in  Table  5-6.  The  molecular  configuration  (Figure 
5-3)  consists  of  a  rhodium  atom  bonded  to  one  Cp**  ligand, 
two  chloride  ligands,  and  one  PPI13  ligand.  The  angles  between 
the  ligands  coordinated  to  Rh  are  not  identical;  Cll-Rh-Cl2  = 
87.97(7)°,  Cll-Rh-P  =  87.86(6)°,  Cl2-Rh-P  =  91.74(7)° 

Also,  one  chlorine  is  slightly  closer  to  the  Rh  atom 

o  o 

than  is  the  other;  Cll-Rh=2 . 372 (2 )  A,  Cl2-Rh=2 . 399 (2 )  A.  The 

cyclopentadienyl  C  (ring) -C (ring)  bond  lengths  are  the  same 

o 

within  experimental  error,  approximately  1.43  A. 


1.428(9) 


1.421 


1.431(9\  /.440(10) 
4 

1.424(10) 


Fig. 5-4.  The  crystallographically  determined  ring 

o 
carbon  internuclear  bond  distances (A)  in  4-3  . 


Table  5-6  reveals  that  there  is  a  small  deviation  from 
planarity  in  the  Cp**  ring.  Evidence  for  a  slight  ring 
puckering  is  given  by  the  difference  of  Rh-C(ring)  distances. 

Individual  rhodium-carbon  distances  range  from  Rh-C(4) 

00  0 

2.144  A  to  Rh-C(3)  2.259  A,  the  average  value  being  2.209  A 

It  is  apparent  that  the  carbons  bonded  to  tert-butyl  groups 
are  somewhat  farther  from  rhodium  than  the  others,  Rh-C(3) 
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o  o 

2.259(7)  A,  Rh-C(l)  2.251(7)  A.  A  second  distortion  is  the 

displacement  of  the  tert-butyl  groups  out  of  the  Cp  ring 
plane  and  away  from  the  rhodium  atom;  C(6)  and  C(10)  of  the 
tert-butyl  groups  deviate  from  the  ring  plane.  The  angular 
separation (r)  from  the  ring  plane (10.3°)  is  larger  than  that 

observed  for  (Cp**RhCl2)  2  (4 . 8°)  and  the  distance  (d)  from  the 

o 

ring  plane  (0.29  A)  is  longer.  This  might  be  due  to  the  fact 

that  the  size  of  the  PPI13  ligand  crowds  the  other  ligands 
sufficiently  that  the  tert-butyl  groups  are  pushed  away  from 
the  metal  atom. 


Fig. 5-5.  Deviation  of  a  tert-butyl  group  from  the  ring 
plane 


Table  5-5.  Fractional  coordinates  and  equivalent 
isotropic3  thermal  parameters  (A2)  for  the  non-H  atoms 
of  compound  4-3 . 


Atom 

X 

V 

z 

U 

Rh 

0.19287(4) 

0.0 

0.13521(4) 

0.03132(14) 

Cll 

0.1084(2) 

0.04004(14) 

0.3317(2) 

0.0575(8) 

C12 

-0.0158(2) 

-0.0817(2) 

0.0687(2) 

0.0562(7) 

P 

0.2878(2) 

-0.13563(13) 

0.2405(2) 

0.0320(5) 

CI 

0.2133(7) 

0.0542(5) 

-0.0659(6) 

0.038(2) 

C2 

0.1829(7) 

0.1326(5) 

0.0124(6) 

0.039(2) 

Table  5-5  continued 
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Atom 


LL 


C3 

0.2877(6) 

0.1453(5) 

0.1191(7) 

0.038(2) 

C4 

0.3804(6) 

0.0674(5) 

0.1115(7) 

0.038(2) 

C5 

0.3353(6) 

0.0127(7) 

-0.0020(6) 

0.038(2) 

C6 

0.1465(8) 

0.0334(6) 

-0.2025(7) 

0.048(3) 

C7 

0.1552(12) 

-0.0696(7) 

-0.2422(9) 

0.076(5) 

C8 

-0.0035(8) 

0.0631(7) 

-0.2217(7) 

0.067(3) 

C9 

0.2240(10) 

0.0934(8) 

-0.2904(8) 

0.072(4) 

CIO 

0.3083(9) 

0.2288(6) 

0.2091(8) 

0.049(3) 

Cll 

0.3794(10) 

0.1994(7) 

0.3455(8) 

0.070(4) 

C12 

0.4022(12) 

0.2980(7) 

0.1445(11) 

0.079(4) 

C13 

0.1766(8) 

0.2802(6) 

0.2230(8) 

0.061(3) 

C21 

0.4622(6) 

-0.1086(5) 

0.3077(7) 

0.037(2) 

C22 

0.5684(7) 

-0.1321(6) 

0.2415(7) 

0.048(3) 

C23 

0.6985(8) 

-0.0998(7) 

0.2865(10) 

0.065(3) 

C24 

0.7236(8) 

-0.0487(7) 

0.3967(11) 

0.073(3) 

C25 

0.6187(9) 

-0.0243(5) 

0.4645(9) 

0.066(3) 

C26 

0.4874(7) 

-0.0549(6) 

0.4217(7) 

0.048(3) 

C31 

0.2148(7) 

-0.1864(5) 

0.3775(6) 

0.034(2) 

C32 

0.2949(7) 

-0.2320(6) 

0.4780(7) 

0.047(3) 

C33 

0.2374(9) 

-0.2797(6) 

0.5714(8) 

0.060(3) 

C34 

0.1019(9) 

-0.2834(6) 

0.5680(8) 

0.058(3) 

C35 

0.0183(8) 

-0.2372(6) 

0.4726(7) 

0.051(3) 

C36 

0.0755(7) 

-0.1884(5) 

0.3758(7) 

0.043(2) 

C41 

0.2996(7) 

-0.2430(5) 

0.1422(7) 

0.038(2) 

C42 

0.3747(10) 

-0.3203(7) 

0.1923(9) 

0.061(3) 

C43 

0.3713(10) 

-0.4057(6) 

0.1239(10) 

0.073(4) 

C44 

0.2933(9) 

-0.4139(7) 

0.0045(10) 

0.066(3) 

C45 

0.2225(9) 

-0.3389(7) 

-0.0462(8) 

0.068(4) 

C46 

0.2220(8) 

-0.2531(6) 

0.0215(8) 

0.053(3) 

^•For  anisotropic  atoms,  the  U  value  is  Ueq,  calculated  as  Ueg 
=  1/3  XiXj  Ujh  ai*  a-j*  Ajh  where  Ajj  is  the  dot  product  of 
the  itn  and  jtn  direct  space  unit  cell   vectors. 
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Table  5-6.   Bond  lengths  (A)  and  angles  (°)  for  the  non-H  atoms 
of  compound  4-3 

1      2       3  1-2  1-2-3 


Cll 

Rh 

C12 

2.372(2) 

87.79(7) 

Cll 

Rh 

P 

87.78(6) 

C12 

Rh 

P 

2.399(2) 

91.74(7) 

CI 

Rh 

2.251(7) 

C2 

Rh 

2.244(7) 

C3 

Rh 

2.259(7) 

C4 

Rh 

2.144(7) 

C5 

Rh 

2.151(6) 

C21 

P 

C31 

1.829(6) 

104.3(3) 

C21 

P 

C41 

104.6(3) 

C21 

P 

Rh 

108.5(2) 

C31 

P 

C41 

1.824(7) 

100.1(3) 

C31 

P 

Rh 

120.1(2) 

C41 

P 

Rh 

1.827(8) 

117.6(2) 

C2 

CI 

C5 

1.421(10) 

106.5(6) 

C2 

CI 

C6 

125.6(6) 

C5 

CI 

C6 

1.431(9) 

126.7(6) 

C6 

CI 

1.508(9) 

C3 

C2 

CI 

1.428(9) 

110.2(6) 

C4 

C3 

CIO 

1.440(10) 

126.2(6) 

C4 

C3 

C2 

106.0(6) 

CIO 

C3 

C2 

1.491(11) 

127.3(6) 

C5 

C4 

C3 

1.424(10) 

108.5(6) 

CI 

C5 

C4 

108.6(7) 

C7 

C6 

C8 

1.505(13) 

108.2(7) 

C7 

C6 

C9 

108.2(7) 

C7 

C6 

CI 

114.0(7) 

C8 

C6 

C9 

1.545(11) 

109.8(7) 

C8 

C6 

CI 

111.7(6) 

C9 

C6 

CI 

1.524(13) 

104.9(6) 

Cll 

CIO 

C12 

1.549(12) 

109.0(7) 

Cll 

CIO 

C13 

109.6(7) 
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Table   5-6   continued 


L2 1-2-3 


Cll 

CIO 

C3 

111.7(7) 

C12 

CIO 

C13 

1.561(15) 

109.0(7) 

C12 

CIO 

C3 

105.0(7) 

C13 

CIO 

C3 

1.526(12) 

112.3(6) 

C22 

C21 

C26 

1.380(10) 

119.0(6) 

C22 

C21 

P 

121.4(5) 

C26 

C21 

P 

1.393(10) 

119.3(5) 

C23 

C22 

C21 

1.398(10) 

120.2(7) 

C24 

C23 

C22 

1.341(14) 

121.0(8) 

C25 

C24 

C23 

1.382(14) 

119.7(8) 

C26 

C25 

C24 

1.396(11) 

120.6(8) 

C21 

C26 

C25 

119.4(7) 

C32 

C31 

C36 

1.381(9) 

118.6(7) 

C32 

C31 

P 

120.9(5) 

C36 

C31 

P 

1.392(9) 

120.2(5) 

C33 

C32 

C31 

1.364(12) 

120.1(7) 

C34 

C33 

C32 

1.353(13) 

121.2(7) 

C35 

C34 

C33 

1.368(11) 

120.9(8) 

C36 

C35 

C34 

1.397(11) 

118.6(7) 

C31 

C36 

C35 

120.5(6) 

C42 

C41 

C46 

1.379(12) 

118.0(7) 

C42 

C41 

P 

120.6(6) 

C46 

C41 

P 

1.387(10) 

121.0(6) 

C43 

C42 

C41 

1.387(13) 

120.7(8) 

C44 

C43 

C42 

1.375(13) 

120.1(8) 

C45 

C44 

C43 

1.334(13) 

119.7(9) 

C46 

C45 

C44 

1.391(13) 

121.3(8) 

C41 

C46 

C45 

120.1(7) 
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Table  5-7.  Anisotropic  thermal  parameters3  for  the  non-H 
atoms  of  compound  4-3 . 


Atom 


Ull 


U22 


U33 


U12 


U13 


U23 


Rh 

0.0273(2) 

0.0357(2) 

0.0313(3)         0.0047(2) 

0.0052(3) 

0.0005(2) 

Cll 

0.0796(14) 

0.0477(14) 

0.0522(1 

1)      0.0113(10) 

0.0348(9) 

-0.0042(11) 

C12 

0.0327(9) 

0.0822(9) 

0.0514(1 

5)     -0.0124(8) 

-0.0021(11) 

0.0080(11) 

P 

0.0278(9) 

0.0330(9) 

0.0366(1 

0)      0.0029(7) 

0.0088(9) 

0.0014(10) 

CI 

0.044(4) 

0.036(4) 

0.035(4) 

-0.001(3) 

0.011(3) 

0.001(4) 

C2 

0.047(4) 

0.032(4) 

0.036(4) 

0.000(3) 

0.003(3) 

0.011(4) 

C3 

0.033(4) 

0.040(4) 

0.043(4) 

-0.007(3) 

0.010(4) 

0.006(4) 

C4 

0.028(3) 

0.040(3) 

0.044(4) 

-0.000(3) 

0.005(3) 

0.008(4) 

C5 

0.040(3) 

0.043(3) 

0.035(5) 

0.005(3) 

0.015(4) 

0.006(3) 

C6 

0.062(5) 

0.056(5) 

0.027(6) 

-0.002(3) 

0.004(3) 

0.007(4) 

C7 

0.116(9) 

0.063(9) 

0.045(7) 

0.010(5) 

-0.002(5) 

-0.016(6) 

C8 

0.059(5) 

0.091(5) 

0.047(7) 

-0.011(4) 

-0.010(5) 

0.007(5) 

C9 

0.091(7) 

0.078(7) 

0.047(7) 

-0.012(5) 

0.007(5) 

0.010(5) 

CIO 

0.047(5) 

0.049(5) 

0.046(5) 

0.005(4) 

-0.007(4) 

-0.007(5) 

Cll 

0.068(6) 

0.077(6) 

0.061(7) 

-0.004(4) 

-0.011(5) 

-0.013(5) 

C12 

0.098(8) 

0.061(8) 

0.084(7) 

-0.027(6) 

0.036(6) 

-0.010(8) 

C13 

0.079(6) 

0.043(6) 

0.060(5) 

0.019(4) 

0.001(4) 

0.001(5) 

C21 

0.024(3) 

0.034(3) 

0.051(4) 

0.001(3) 

-0.001(3) 

0.005(4) 

C22 

0.031(4) 

0.062(4) 

0.054(5) 

0.011(3) 

0.013(4) 

0.013(5) 

C23 

0.032(5) 

0.076(5) 

0.090(7) 

0.012(5) 

0.014(6) 

0.027(7) 

C24 

0.032(5) 

0.060(5) 

0.120(6) 

-0.009(5) 

-0.010(6) 

0.020(8) 

C25 

0.067(5) 

0.043(5) 

0.080(7) 

-0.011(5) 

-0.022(4) 

-0.002(6) 

C26 

0.047(4) 

0.042(4) 

0.053(4) 

-0.004(4) 

-0.003(4) 

0.008(5) 

C31 

0.038(4) 

0.029(4) 

0.036(4) 

-0.002(3) 

0.012(3) 

-0.002(4) 

C32 

0.037(4) 

0.059(4) 

0.048(5) 

0.006(4) 

0.014(4) 

0.016(4) 

C33 

0.062(6) 

0.061(6) 

0.062(5) 

0.015(4) 

0.025(5) 

0.028(5) 

C34 

0.078(6) 

0.044(6) 

0.058(5) 

-0.016(5) 

0.032(4) 

0.001(5) 

C35 

0.045(5) 

0.065(5) 

0.046(6) 

-0.014(4) 

0.017(5) 

-0.004(6) 

C36 

0.029(4) 

0.050(4) 

0.052(5) 

-0.007(3) 

0.011(4) 

-0.005(5) 

C41 

0.035(4) 

0.038(4) 

0.042(4) 

0.003(4) 

0.012(4) 

-0.003(5) 
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Table    5-7    continued 


Atom 


Ull 


U22 


U33 


U12 


U13 


U23 


C42 

0.066(6) 

0.056(6) 

0.061(6) 

0.013(5) 

0.006(5) 

-0.005(6) 

C43 

0.081(7) 

0.043(7) 

0.094(5) 

0.020(6) 

0.010(5) 

-0.016(7) 

C44 

0.068(6) 

0.043(6) 

0.091(5) 

-0.005(5) 

0.030(5) 

-0.027(7) 

C45 

0.088(7) 

0.068(7) 

0.051(7) 

-0.000(5) 

0.023(5) 

-0.021(5) 

C46 

0.063(5) 

0.050(5) 

0.046(5) 

0.001(4) 

0.013(4) 

-0.001(5) 

£The  Uij  are  the  mean-square  amplitudes  of  vibration  in  A2  from  the  general  temperature  factor  expn 
exp[-27c2(h2a*2Ull  +  k2b*2U22  +  l2c*2U33  +  2hka*b*U12  +  2hla*c*U13  +  2klb*c*U23)] 


Table  5-8.  Fractional  coordinates  and  isotropic 
thermal  parameters  (A2)  for  the  H  atoms  of  compound  4-3 


Atom 

X 

V 

z 

U 

H2 

0.10335 

0.17138 

-0.00417 

0.08 

H4 

0.45931 

0.05454 

0.17259 

0.08 

H5 

0.37934 

-0.04276 

-0.03084 

0.08 

H7a 

0.10694 

-0.1087 

-0.18793 

0.08 

H7b 

0.24801 

-0.08902 

-0.2325 

0.08 

H7c 

0.1162 

-0.07679 

-0.33163 

0.08 

H8a 

-0.01109 

0.12871 

-0.19676 

0.08 

H8b 

-0.05246 

0.02347 

-0.1686 

0.08 

H8c 

-0.04023 

0.05545 

-0131168 

0.08 

H9a 

0.18659 

0.08362 

-0.37978 

0.08 

H9b 

0.31711 

0.07457 

-0.27822 

0.08 

H9c 

0.21714 

0.15972 

-0.26858 

0.08 

Hlla 

0.4622 

0.16701 

0.33648 

0.08 

Hllb 

0.32165 

0.15749 

0.38628 

0.08 

Hllc 

0.39839 

0.25542 

0.39828 

0.08 

H12a 

0.4198 

0.35391 

0.19789 

0.08 

Table  5-8  continued 
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Atom 


_LL 


H12b 

0.35865 

H12c 

0.48566 

H13a 

0.19458 

H13b 

0.11576 

H13c 

0.13644 

H22 

0.55288 

H23 

0.77108 

H24 

0.81402 

H25 

0.63614 

H26 

0.41533 

H32 

0.39131 

H33 

0.2941 

H34 

0.06383 

H35 

-0.07772 

H36 

0.01834 

H42 

0.42976 

H43 

0.42371 

H44 

0.28984 

H45 

0.17063 

H46 

0.16791 

0.31638 

0.26639 

0.33326 

0.23673 

0.30306 

-0.17065 

-0.11432 

-0.02922 

0.01423 

-0.03923 

-0.23 

-0.3114 

-0.31891 

-0.23823 

-0.15612 

-0.31512 

-0.45924 

-0.47326 

-0.34423 

-0.20063 


0.05981 
0.13606 
0.28153 
0.2569 
0.13917 
0.16416 
0.23778 
0.42846 
0.5417 
0.47045 
0.48228 
0.64057 
0.63357 
0.4721 
0.30758 
0.2754 
0.15988 
-0.04226 
-0.13096 
-0.0155 


0.08 
0.08 
0.08 
0.08 
0.08 
0.08 
0.08 
0.08 
0.08 
0.08 
0.08 
0.08 
0.08 
0.08 
0.08 
0.08 
0.08 
0.08 
0.08 
0.08 


Table  5-9.  Bond  lengths  (A)  and  angles  (°)  of  the  H 
atoms  of  compound  4-3 


1 


1-2 


1-2-3 


H2 

C2 

C3 

0.960(7) 

124.9(7) 

H2 

C2 

Rh 

122.8(5) 

H2 

C2 

CI 

124.8(6)  ' 

H4 

C4 

C5 

0.960(6) 

125.7(7) 

H4 

C4 

Rh 

119.8(5) 
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Table   5- 

-9    continued 

1 

2 
C4 

3 

1-2 

1-2-3 

H4 

C3 

125.8(7) 

H5 

C5 

Rh 

0.960(9) 

120.7(6) 

H5 

C5 

CI 

125.7(6) 

H5 

C5 

C4 

125.7(6) 

H7a 

C7 

H7b 

0.960(11) 

109.5(9) 

H7a 

C7 

H7c 

109.5(10) 

H7a 

C7 

C6 

109.5(9) 

H7b 

C7 

H7c 

0.960(11) 

109.5(10) 

H7b 

C7 

C6 

109.5(9) 

H7c 

C7 

C6 

0.960(9) 

109.4(8) 

H8a 

C8 

H8b 

0.960(10) 

109.5(8) 

H8a 

C8 

H8c 

109.5(9) 

H8a 

C8 

C6 

109.4(7) 

H8b 

C8 

H8c 

0.960(9) 

109.5(8) 

H8b 

C8 

C6 

109.5(7) 

H8c 

C8 

C6 

0.960(7) 

109.5(7) 

H9a 

C9 

H9b 

0.960(8) 

109.5(9) 

H9a 

C9 

H9c 

109.5(9) 

H9a 

C9 

C6 

109.5(8) 

H9b 

C9 

H9c 

0.960(10) 

109.5(9) 

H9b 

C9 

C6 

109.5(8) 

H9c 

C9 

C6 

0.960(11) 

109.5(8) 

Hlla 

Cll 

Hllb 

0.960(10) 

109.5(9) 

Hlla 

Cll 

Hllc 

109.5(9) 

Hlla 

Cll 

CIO 

109.5(8) 

Hllb 

Cll 

Hllc 

0.960(10) 

109.5(9) 

Hllb 

Cll 

CIO 

109.5(8) 

Hllc 

Cll 

CIO 

0.960(9) 

109.5(8) 

H12a 

C12 

H12b 

0.960(10) 

109.5(10) 

H12a 

C12 

H12c 

109.5(11) 

H12a 

C12 

CIO 

109.5(10) 

H12b 

C12 

H12c 

0.960(11) 

109.5(11) 

H12b 

C12 

CIO 

109.4(9) 

Table   5-9   continued 
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1-2 


1-2-3 


H12c 

C12 

CIO 

0.960(11) 

109.5(9) 

H13a 

C13 

H13b 

0.960(8) 

109.5(9) 

H13a 

C13 

H13c 

109.5(8) 

H13a 

C13 

CIO 

109.5(7) 

H13b 

C13 

H13c 

0.960(9) 

109.5(8) 

H13b 

C13 

CIO 

109.5(8) 

H13c 

C13 

CIO 

0.960(8) 

109.5(8) 

H22 

C22 

C23 

0.960(8) 

119.9(8) 

H22 

C22 

C21 

120.0(6) 

H23 

C23 

C24 

0.960(9) 

119.4(8) 

H23 

C23 

C22 

119.5(9) 

H24 

C24 

C25 

0.960(8) 

120.1(10) 

H24 

C24 

C23 

120.1(10) 

H25 

C25 

C26 

0.960(9) 

119.7(9) 

H25 

C25 

C24 

119.7(8) 

H26 

C26 

C21 

0.960(8) 

120.3(7) 

H26 

C26 

C25 

120.3(7) 

H32 

C32 

C33 

0.960(7) 

119.9(7) 

H32 

C32 

C31 

119.9(7) 

H33 

C33 

C34 

0.960(8) 

119.4(9) 

H33 

C33 

C32 

119.4(8) 

H34 

C34 

C35 

0.960(9) 

119.5(9) 

H34 

C34 

C33 

119.6(8) 

H35 

C35 

C36 

0.960(8) 

120.7(7) 

H35 

C35 

C34 

120.7(8) 

H36 

C36 

C31 

0.960(7) 

119.8(7) 

H36 

C36 

C35 

119.8(7) 

H42 

C42 

C43 

0.960(9) 

119.6(9) 

H42 

C42 

C41 

119.7(9) 

H43 

C43 

C44 

0.960(9) 

119.9(9) 

H43 

C43 

C42 

120.0(9) 

H44 

C44 

C45 

0.960(10) 

120.1(9) 

CHAPTER  6 
SYNTHESIS  OF  CP**Rh (COD) (COD=  CYCLOOCTA-1 , 5-DIENE) 


Introduction 

Nonconjugated  diene  complexes  of  rhodium  can  be 
synthesized  by  two  routes  involving  either  the  reduction  of 
[RhCl3.3H20]  in  aqueous  solution  by  the  diene  or  by 
displacement  of  two  alkene  ligands  from  the  compounds 
[ {RhCl (alkene)2>2]  (alkene=  cis-cyclooctene)  by  the  diene.54  It 
is  known  that  the  former  is  more  convenient,  but  does  not 
work  well  for  several  dienes;  the  latter  is  more  versatile. 
The  reduction  of  [RhCl3-3H20]  in  refluxing  EtOH  in  the 
presence  of  1,  5-cyclooctadiene  (COD)  (jLil.)  over  a  period  of 
hours  affords  the  beautifully  crystalline,  orange,  air  stable 
derivative  [Rh(C0D)Cl]2  (6-2)  as  shown  in  Figure  6-1. 55 


RhCl33Hp      + 


ik  - 

x  Rh 


CI 


V 


Fig.  6-1.  The  synthesis  of  [Rh(COD)Cl]2  (6-2) 
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The  same  compound  can  be  obtained  by  the  reaction  of 
1,  5-cyclooctadiene  with  [ {RhCl (C2H4)  2)2]  as  can  the 
perdeuterated  analog.56  If  the  reaction  of  1,5-COD  with 
ethanol  and  [RhCl3*3H20]  is  studied  more  carefully,  all  excess 
1,5-COD  is  isomerized  to  1,3 -COD  and  appreciable  amounts  of 
1,4-COD  can  be  detected.57  Isomerization  must  be  rapid,  since 
the  final  product (6-2 )  does  not  catalyze  the  isomerization. 
Thus,  while  1,3 -COD  is  the  most  thermodynamically  favored 
isomer  of  COD  in  the  free  state,  the  1,5-COD  is  the  favored 
isomer  when  coordinated  to  Rh(l).  The  1H  NMR  studies  of  the 
relative  stabilities  and  labilities  of  a  variety  of  diene 
complexes  of  rhodium  indicate  the  COD  complexes  are  the  most 
stable,  but  also  the  most  labile.58  The  bridging  chloride 
ligand  in  6-2  can  be  replaced  with  a  variety  of  halide  and 
anions (X)  by  stirring  the  chloro-complex  with  a  large  excess 
of  NaX.55-59 

The  complex  fRh  Cp5-Cc;HO  (COD)  1  (6-3 )  is  one  of  the 

relatively  few  rhodium  complexes  to  be  synthesized  in  which 
only  hydrocarbon  ligands  are  bound  to  the  metal.  This 
compound  is  most  conveniently  prepared  by  the  reaction  of 
cyclopentadienylsodium  or  cyclopentadienylthallium  with 
{RhCl(COD) }2.54 
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^    - 

^      Dk 


CI 


Rh 


<€> 


+  CpNa 


Rh 


&D 


Fig.  6-2.  The  synthesis  of  [Rh  (Ti5-C5H5)  (COD)  ]  (fbl) 


The  pentamethylcyclopentadienyl  derivative (6-4 )  has  been 
prepared603  by  the  reaction  of  [  (T|5-Ct;MeO  RhCl?!  o  (3-1)  with 
6-1  as  shown  in  Figure  6-3.  To  assist  in  evaluating  the 
potential  of  the  Cp**  in  the  study  of  rhodium  chemistry,  the 
derivatives  rcp**Rh(COD) 1 (6-5  and  6-6)  were  synthesized  and 
their  properties  were  compared  with  those  of  6-3  and  6-4 . 


•    \ 


2zl 


+ 


&D 


Rh 


^4 


Fig. 6-2.  The  synthesis  of  Cp*Rh(COD) (6-4) 
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Synthesis  of  Cp**Rh(COD) 

The  reaction  of  6-2  with  a  little  excess  of  Cp**Li  under 
reflux  in  THF  resulted  in  a  mixture  of  the  tert- 
butylcyclopentadienylrhodium(I)  complex  ( t-C4H9C"5H4)  CpRh  (COD) 
(6-6 )  and  di-tert-cyclobutylpentadienylrhodium  complex 
Cp**Rh(COD)  (6-5)  which  were  identified  by  1H  NMR  and  13C  NMR. 
The  separation  of  this  mixture  was  performed  through  column 
chromatography  on  AI2O3  using  pentane  as  a  eluent  and  provide 
a  72  %  yield  of  6-5  and  a  5  %  yield  of  6-6 ,  which  were 
characterized  by  NMR  spectroscopy.  The  appearance  of  6-5  is 
believed  to  have  resulted  from  the  use  of  a  sample  of  1,3-di- 
tert-butylcyclopentadiene  containing  a  minor  amount  of  tert- 
butylcyclopentadiene.  A  satisfactory  carbon-hydrogen  analysis 
and  high  resolution  mass  spectrum  were  also  obtained  for  the 
compound  6-5 . 


2-7 


+  n  BuLi 


THF 


Li 


+ 


4[6i2]  + 


THF 


reflux 


Rh  Rh 


6-5 


6-6 


72% 


5% 


Fig. 6-3.  The  synthesis  of  Cp**Rh(COD) (6-5) 
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NMR  Spectroscopy 

1H  NMR  and  13C  NMR  spectra  of  6-5  and  6-6  reveal 
similarities  fashion  in  the  resonances  of  the  COD  ligand  as 
shown  in  Table  6-1  and  Table  6-2.  The  ^-H  NMR  of  COD  ligand  of 
6-5  exhibits  three  sets  of  resonance;  olefinic  protons  and 
two  sets(Ha  and  Hb)  of  methylene  protons  (Table  6-1).  The 
olefinic  protons  absorb  at  8  3.87  with  a  broad  singlet  and  two 
kinds  of  resonance  take  place  for  the  methylene  protons  (Ha 
and  Hb) .  The  stereochemical  assignment  of  those  methylene 
peaks (Fig. 6-4)  was  based  on  the  1H  NMR  spectrum  of  6-260b 

which  shows  two  different  resonances  for  methylene  protons. 
The  proton  Ha,  which  is  comparably  closer  to  rhodium  appears 
as  a  doublet  at  8  1.89  due  to  a  8.31  Hz  coupling  to  Rh,  and 
Hb  absorbs  slightly  downfield  at  8  2.19  with  a  doublet (JRh-H= 
9.71  Hz)  as  shown  in  Table  6-1  and  Figure  6-5.  The  13C  NMR 
spectrum  of  6-5  indicates  all  four  methylene  carbons  are  in 

equivalent  resonances.  Thus  only  two  sets  of  carbons  were 
observed  in  the  13C  NMR  spectrum;  a  resonance  at  8  62.58  for 
olefinic  carbons  (d,  JRh-c=  13.97  Hz)  and  a  singlet  at  8  32.51 
for  the  methylene  carbons  as  shown  in  Table  6-1  and  Figure  6- 
6.  The  resonances  of  the  Cp**  ring  reveal  a  similar  pattern 
in  both  the  XH  NMR  and  13C  NMR  spectra  as  for  other  Cp** 
complexes  (3-2 .  5-3  and  7-2 ) . 

The  compound  6-6  exhibits  1H  NMR  and  the  13C  NMR  spectra 
similiar  to  those  of  6-5  except  for  the  Cp**  portion  of  the 
spectrum;  the  1H  NMR  spectrum  of  the  Cp**  ring  exhibits  two 
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sets  of  resonance  for  ring  protons  at  8  4.83  (J=1.95  Hz)  and 
at  5  5.05 (  J=1.08  Hz)  respectively  as  listed  in  Table  6-2. 


Fig. 6-4.  The  structure  of  Co**Rh(COD) (6-5)  for 
NMR . assignments . 


Table  6-1.  NMR  spectral  data(ppm)  for  the  compound  6-5 
in  CDCI3 


tert-butyl 


ring 


COD  ligand 


H7:  1.25, s,   H2:   4.68,  s,  1H 
l-H  NMR  H4,5:  4  .  69 ,  S,  2H 


Ha:1.89,  d,  4H 
jRh-H=8.31  Hz 

Hfc>:2.19,  m,  4H 
jRh-H=9.71  Hz 

Hc:3.87,  d,  4H 
jRh-H=0.23  Hz 


13C  NMR   C7:  32.24,s 


C2:  80.98,  d  CIO, 11, 14,15: 

jRh-C=4.14  Hz  32.51,  s 

C4,5:  81.52,  d  c8'9-12'13: 

jRh-c=3.51  Hz  62.58,  d 

jRh-c=13.97  Hz 

Cl-3;  119.25,  d 

jRh-c=4.20  Hz 
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Fig. 6-5.  1H  NMR  spectrum  of  6-5  in  CDCI3 


Fig. 6-6   13C  NMR  spectrum  of  6-5  in  CDCI3 
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Fig. 6-7.  The  structure  of  6-6  for  NMR  assignments 


Table  6-2.  NMR  spectral  data(ppm)  for  the  compound  6-6 
in  CDCI3 


tert-butyl       ring 


COD  ligand 


H7:  1.25,s 


LH  NMR 


H2,5:  4.83,  t,  2H 
JH_H=1.95  Hz 

H3,4:  5.05,  t,  2H 
JH-h=1.08  Hz 


Ha:  1.89,  d 
jRh-H=8.37  Hz 

Hb :  2.17,  m 
jRh-H=6.36  Hz 


Hc:  3.91,  m 
jRh-H=0.23  Hz 


13C  NMR   C7:  32.07,s 


C2,5:  62.44,  d     Cl0,ll, 14,15: 
jRh-C=3.96  Hz       32.44,  s 


C3,4:  77.59,  d     c8'9'12'13: 
jRh-c=6.38  Hz       62.40,  d 

JRh_c=13.88  Hz 


CHAPTER  7 
CHEMISTRY  OF  Cp**Rh (PINACOLATE) 


Introduction 

Several  recent  papers  have  described  the  photoinduced 
retrocyclization  of  heterometallacycles  to  give  reactive 
organometallic  species:  coordinately  unsaturated  14 -electron 
Pt(0)  intermediates  from  oxalates,61  iridium  alkylidenes  from 
2-oxametallacyclobutanes, 62  and  rhodium  oxo  complexes  from 
carbonates.63  These  proved  to  be  a  very  good  and  valuable 
reactivity  pattern  to  generate  a  typical  coordinatively 
unsaturated,  low-valent  metal  fragment  with  concomitant 
transfer  of  two  electrons  to  a  metal  center.  For  example 
ultraviolet  irradiation  of  oxalato  bis (tertiary  phosphine) 
complexes  of  platinum (II)  and  palladium (II)  ,  Pt(C2C-4)L2, 
Pd(C204)L2  result  in  the  reductive  elimination  of  the  oxalate 
ligand  as  CO2  and  the  production  of  the  reactive 
intermediates  PtL2  and  PdL2.61  Transfer  of  two  electrons 
(either  simultaneously  or  in  rapid  succession)  yields  the 
zerovalent  state,  Pt(0)  or  Pd(0).  The  net  photochemical 
reaction  is  shown  in  equation  7-1. 


hv 
M(C204)L2   -   ML2  +  CO2  Eq.7-1 
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These  14-electron  fragments  bind  ligands  such  as  olefins, 
perf luoroethylene,  acetylene,  and  trialkylphosphines  to  yield 
zerovalent  metal  complexes.  Substrates  such  as  alkyl,  allyl, 
and  aryl  halides,  organosilanes,  alcohols,  allyl  acetate,  and 
hydrogen  undergo  oxidative  addition  reactions  to  yield  Pt(ll) 
or  Pd(II)  derivatives.  Study  of  synthesis  and  reactions  of 
these  14-electron  intermediates  is  a  worthwhile  way  to  learn 
more  about  reductive  elimination  and  oxidative  addition 
chemistry.  Adamson  et  al64  showed  that  irradiation  of  the 
rhodium(III)  oxalate  complexes  Rh  (C204)X(py) 3  (X=C1,  Br; 
py=pyridine)  caused  two-electron  reduction  to  the  corresponding 
rhodium (I)  species  RhX(py)2- 

We  became  interested  in  synthesizing  a  Rh(lll)  complex  of 
Cp**  which  could  generate  a  reactive  14  electron  Rh(I) 
intermediate  through  the  reductive  elimination  shown  in  Figure 
7-1.  The  compound  (Cp**RhCl2)2  (3-2)  was  chosen  as  a  starting 
material.  For  the  study  of  reductive  elimination  and  oxidative- 
addition  we  needed  a  ligand  which  could  easily  dissociate  from 
a  rhodium  complex  through  photolysis.  The  pinacolate  ligand  was 
chosen  since  related  photochemical  studies  of  the  chemistry  of 


Rh(ffl)     - ^  w  w         +2Y 

/  \  Rh(i) 


Fig. 7-1.  Reductive  elimination  of  Rh(III)  complex 
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organometallic  glycolate  complexes  have  been  done  by  several 
groups.65-69  Chisholm  et  al.70  reported  the  synthesis  of 
W(OR)4 (OCPh2CPh20)  f orm  W2  (OR) 2 (py ) 2  (R=OCH2CMe3,  0-CHMe2>. 
Willis  et  al71  have  reported  the  synthesis  of  a  number  of 
quite  stable  complexes  that  do  not  contain  any  hydrogen  atoms 
(3  to  the  metal  center.  Of  particular  interest  was  the 

photolysis  of  glycolate  complexes.  Photolysis  of  thermally 
stable  [1, 2-bis (diphenylphosphino) ethane] Pt (II)  glycolate  was 
reported.72  It  was  recognized  that  photolysis  of  Pt(II) 
glycolates  gave  a  Pt(0)  fragment  together  with  aldehydes  or 
ketones  corresponding  to  glycolate  cleavage.  It  was  also 
believed  the  the  generation  of  reduced,  coordinatively 
unsaturated  metal  species  by  this  technique  should  not  be 
limited  to  the  conveniently  illustrated  L2Pt(0)  example.  For 
example,  Bergman  and  Glueck  are  reported  to  have  found  that 
photolysis  of  (CsMesJRh (pinacolate)  yields  two  equivalents  of 
acetone  and  a  14-electron  (C5Me5)Rh(l)  intermediate.51  Although 
this  intermediate  might  be  expected  to  be  reactive  toward 
oxidative  addition,  no  additional  information  has  been 
published. 

Based  on  all  of  this  information,  it  was  expected  that 
the  irradation  of  the  Cp**Rh (pinacolate)  would  undergo 
similar  photochemical  degradation  to  produce  acetone  and  a 
reactive  coordinatively  unsaturated  fragment. 


Bergman,  R.,  personal  communication  of  unpublished 
preliminary  results 
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Rh(m) 

A 


hv 


THF 


Rh(I)      +  2  acetone 
THF   THF 


Fig. 7-2.  The  photolysis  of  Cp**Rh (pinacolate)  (7-1) 
Synthesis  of  Cp**Rh (pinacolate) (7-1) 

The  desired  complex  7-1  was  prepared  by  treatment  of 
excess  potassium  pinacolate  (4  equivalents)  with  3-2  in  THF 
solution  at  room  temperature  for  4  hr  as  shown  in  Figure  7-3. 
Because  of  the  light  sensitivity  of  the  product,  the  reaction 
was  protected  from  light.  Cp**Rh (pinacolate) (7-1)  was 
isolated  as  violet  crystals  in  83  %  yield  after  being 
recrystallized  from  CH2Cl2/pentane. 


/\ 

CI        CI 

\ 

3-2 

J2 


KO       OK 


excess 


2^C 


Rh 


THF 


A 


7-1 


Fig. 7-3.  The  synthesis  of  Cp**Rh (pinacolate) (7-1! 


When  only  2  equivalents  of  potassium  pinacolate  were 
used,  side  products  were  formed  along  with  major  products.  1H 
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NMR  spectroscopy  revealed  that  there  were  two  side  products 
in  a  50:50  ratio.  The  nature  of  the  side  products  will  be 
discussed  in  Chapter  10. 

NMR  Study 

The  1H  NMR  spectrum  of  7-1  shows  variation  in  the 
relative  positions  of  the  tert-butyl  and  pinacolate  methyl 
protons  in  the  solvents  CDCI3  and  CgDg  as  shown  in  Table  7-1. 
In  CDCI3  the  tert-butyl  group  resonance  appears  at  51.39  with 
the  CH3  group  of  the  C(CH3)2  moiety  appearing  at  8  1.04 
(Fig. 7-5)  .  In  CgD6  the  tert-butyl  protons  absorb  at  8  1.18  and 
the  pinacolate  CH3  protons  absorb  at  8  1.38  (Fig. 7-6).  This 

resonance  could  be  interpreted  as  a  magnetic  anisotropy 
phenomenon  with  the  CgD6  coordinated  to  rhodium  metal  parallel 
to  the  Cp  ring  under  the  tert-butyl  group  of  Cp  ring  and 
forming  a  shielding  region  for  the  tert-butyl  group. 
However  this  phenomenon  was  not  observed  in  the  13C  NMR 
spectrum.  The  13C  NMR  spectra  in  CDCI3  and  C6D6  were 
similar (Table  7-2).  Three  peaks  were  found  for  the  Cp  ring 
carbons  and  each  of  these  is  split  by  rhodium  as  was  the  case 
in  other  Cp**  complexes (3-2  and  5-2)  .  The  carbons  bearing 
tert-butyl  groups  are  deshielded  by  the  tert-butyl  group. 
That  is  why  the  C1-3  resonances  appear  downfield  in  the  13C 
NMR  spectrum  compared  to  the  other  ring  carbons . 
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Fig. 7 -4.  Numbering  of  7-1 


Table  7-1.  1H  NMR  spectral  data(ppm)  for  the  compound  7-1 


Solvent    tert-Butyl 


Ring  H 


CH3  of  pinacolate 


CDCI3 


1.39,s,18H 


H2:  4.7  8, S,1H 
H4'5:  5.10.S.2H 


H8:  1.05,S,12H 


C6D6 


1.18,s,18H 


H2:  4.51,s,lH 
H4'5:  4.57,s,2H 


H8:  1.39,s,12H 


Table  7-2.  13C  NMR  spectral  data(ppm)  for  the  compound  7-1. 


solvent 


ring  C 


tert-Butyl  C 


CH3  of  pinacolate 


CDCI3 


C2:   72.75,  d 

jRh-c=8.40Hz 

C4'5;  84.89,  d 
jRh-C=4.04Hz 

C1'3;  111.56,  d 
jRh-c=10.07Hz 


C6:  29.74,  s 
C7:  30.60,  s 


C8:  27.00,  s 
C9:  84,88,  s 


C2:   72.42,  d 
CeD6       JRh_c=6.23Hz 

C4-5:  75.47,  d 
jRh-C=7.90Hz 

C1'3;  109.89,  d 
jRh-c=9,9lHz 


C6:  30.31,  s 
C7:  29.62,  s 


C8:28.07,  s 
C9:86.05,  s 
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Fig. 7-5.    1H  NMR  spectrum  of   7-1   in  CDCI3 
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Fig. 7 -6.    1H  NMR   spectrum  of   7-1    in  C6D6 
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Fig. 7 -7.    13C  NMR   spectrum  of   7-1   in  CDCI3 
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Fig. 7-8.    1JC   NMR   spectrum  of      7-1    in  C6D6 
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X-ray  Crystallography 

An  x-ray  diffraction  study  has  been  performed  on  the  complex 
7-1 .  Cp**Rh (pinacolate) .  Recrystallization  from  benzene  and  heptane 
gave  light  sensitive,  violet  crystals  suitable  for  single  crystal 
x-ray  diffraction.  Data  were  collected  at  room  temperature  on  a 
Siemens  R3m/V  dif f ractometer  equipped  with  a  graphite 
monochromator  utilizing  MoKa  radiation  (A.  =  0.710673A).  Thirty  two 
reflections  with  20.0°  <  20  <  22.0°  were  used  to  refine  the  cell 
parameters.  Reflections (2435)  were  collected  using  the  co-scan 
method.  Four  reflections  (223,  223,  212,  212)  were  measured  every 
96  reflections  to  monitor  instrument  and  crystal  stability 
(maximum  correction  on  I  was  <  0.98  %) .  Absorption  corrections 
were  applied  based  on  measured  crystal  faces  using  SHELXTL  plus 
(Sheldrick) 31;  absorption  coefficient,  (X  =  8.6  cm~l  (min.  and  max. 
transmission  factors  are  0.909  and  0.943,  respectively). 

The  structure  was  solved  by  the  heavy-atom  method  in 
SHELXTL  plus    (Scheldrick) 31  from  which  the  location  of  the  Rh 
atom  was  obtained.  The  rest  of  the  nonhydrogen  atoms  were 
obtained  from  a  subsequent  difference  Fourier  map.  The 
structure  was  refined  in  SHELXTL  plus     using  full-matrix 
least  squares.   The  structure  was  refined  in  the  space  groups 
Pna2]_  (noncentrosymmetric)  and  Pnma  (centrosymmetric)  . 

Although  the  R-value  was  slightly  lower  in  the 
noncentrosymmetric  space  group  refinement,  the  bond  lengths 
and  angles  never  refined  to  their  expected  values.  As  an 
example,  the  equivalent  bonds  of  the  cyclopentadienyl  ligand 
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varied  from  1.09  to  1.61  A.  Refinement  in  the  centrosymmetric 
space  group  required  treatment  of  both  C(CH3)2  moieties  of 

the  pinacolate  ligand  as  disordered  around  a  mirror  plane 
passing  through  atoms  Cl,  Rh,  01  and  02.  The  latter 
refinement,  in  spite  of  the  disorder,  resulted  in  a 
chemically  more  accurate  structure.  Thus  it  was  chosen  as  the 
correct  space  group  (all  structural  parameters  reported  are 
derived  from  the  centrosymmetric  space  group  Pnma) .  The  non-H 
atoms  were  treated  anisotropically .  All  H  atoms  were  refined 
with  isotropic  thermal  parameters  except  the  methyl  H  atoms 
of  the  disordered  pinacolate  ligand  which  were  calculated  in 
ideal  positions  and  their  isotropic  thermal  parameters  were 
fixed.  17  6  parameters  were  refined  and  X  CO  (  |  Fo  |  -  I Fc | ) 2  was 
minimized;  C0=1/  (c|  Fo  |  ) 2 ,  s(  Fo)  =  0.5  kl  ~1/2{[s(  I  )]2  + 
(0.02I)2  I1/2  ,  l(intensity)=  (  I  peak  -  I  background) (scan 
rate),  and  s(I)  =  (I  peak  +  I  background) 1/2  (scan  rate),  k 
is  the  correction  due  to  decay  and  Lp  effects,  0.02  is  a 
factor  used  to  down  weight  intense  reflections  and  to  account 
for  instrument  instability.  The  linear  absorption  coefficient 
was  calculated  from  values  from  the  International    Tables   for 
X-ray  Crystallography   32.  Scattering  factors  for  non-hydrogen 
atoms  were  taken  from  Cromer  and  Mann33  with  anomalous- 
dispersion  corrections  from  Cromer  and  Liberman34,  while  those 
of  hydrogen  atoms  were  from  Stewart,  Davidson  and  Simpson 
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Crystallographic  data  and  data  collection  parameters  are 
summarized  in  Table  7-3.  Thermal  ellipsoids  drawing  showing 
the  atom-numbering  schemes  for  7-1  is  presented  in  Figure 
7-9,  7-10  and  7-11.  Selected  bond  lengths  and  angles  relevant 
to  Rh-cyclopentadienyl  and  Rh-  pinacolate  interactions  are 
shown  in  Figure  7-12  and  7-13.  Tables  7-4  and  7-5  list  the 
non-hydrogen  atom  fractional  coordinates,  their  equivalent 
isotropic  thermal  parameters,  and  the  non-Ha  atoms  anistropic 
thermal  parameters,  while  selected  bond  lengths  and  angles 
for  7-1  are  provided  in  Table  7-6  and  7-7  respectively. 

Table  7-3.  Crystallographic  data  of  7-1 


A.  Crystal  data  (298 

a,  A 

b,  A 

c,  A 
v,  A3 

dcalc  g  cm-3  (298  K) 

Empirical  formula 

Formula  wt,  g 

Crystal  system 

Space  group 

Z 

F(000),  electrons 


>K) 


11.309  (1) 

17.121(2) 

10.354(1) 

2004.8(3) 

1.313 

Cl9H3302Rh 

396.4 

Orthorhombic 

Pnma 

4 

832 


B.  Data  collection  (298  °K 

Radiation,  X    (A) 

Mode 

Scan  range 


Mo-Ka,  0.71073 

co-scan 

Symmetrically  over  1.2°  about 

K0C1 , 2  maximum 
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Table  7-3  continued 


Background 

Scan  rate,  deg.  min. 
20  range,  deg. 

Range  of.   h  k  1 


offset  1.0  and  -1.0  in  0)  f rom 
Kai  2  maximum 

3-6 
3-50 

0  <  h  <  13 
-1  <  k  <  20 
-1       1  12 


Total  reflections  measured 

Unique  reflections 

Absorption  coeff.n  (Mo-K^) ,  cm"1 


2436 

1981 
8.6 


C.   Structure  refinement 

S,  Goodness-of -f it 
Reflections  used,  I  >  2a(l) 

No.  of  variables 

R,  (OR*  (%) 

R,  cor*  ,  all  data  (%) 

Rint.  (%) 

Max.  shift /esd 


1.15 

1390 

176 

3.49, 

5.48, 

1.35 

0.001 
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18 


min.  peak  in  diff.  four,  map  (e  A  ■*)  -0.37 
max.  peak  in  diff.  four,  map  (e  A--*)  0.53 


*  Relevant  expressions  are  as  follows,  where  in  the  footnote  FQ 
and  Fc  represent,  respectively,  the  observed  and  calculated 
structure-factor  amplitudes. 


Function  minimized  was  0)(|Fo 
R  =  1(1 IF0I  -  IFCI I)  /  IIF0I 


Fc|  )2,  where  C0=  (s(F)  )  2 


cor  =  [Lco(  |F0 

S  =  [IC0(|Fol 


IFCI  )2  /  I  IF0I2]1/2 

|FCI  )2  /  (m-n)]1/2 
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C9a 


C13 


Fig.  7-9.  Thermal  ellipsoids  drawing  for  compound  j_^l 
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Fig. 7-10.  Thermal  ellipsoids  drawing 
isomer  7-la  of  compound  2^1 


for  conformation 


Fig. 7-11.  Thermal  ellipsoids  drawing  for  conformation 
7-lb  of  compound  ZzX 


Two  conformations  were  observed  as  shown  in  Figure  7-9. 
In  each  isomer (7-la  and  7-lb) .  C(CH3)2  moieties  of  the 
pinacolate  ligands  disordered  around  the  mirror  plane  passing 
through  atoms  C(l),  Rh,  0(1)  and  0(2).  The  oxygen  atoms  are 
nearly  symmetrically  bound  to  the  rhodium  center  with  a  Rh- 
0(1)  distance  of  1.932(5)  A,  a  Rh-0(2)  distance  of 
1.929(5)  A,  and  a  0 (1) -Rh-0(2)  angle  of  81. 8° (Figure  7-13). 
Bond  lengths  and  angles  of  the  two  disordered  pinacolate 
ligands  are  in  agreement  with  their  expected  values. 

This  complex  exhibits  a  slight  puckering  within  the 
five-membered  carbon  ring.  The  puckering  is  proved  by  the 
displacements  from  the  plane  defined  by  the  five  ring  carbons 
The  Cp  ring  has  a  mirror  plane  that  bisects  the  molecule  by 
passing  through  C(l)  and  a  middle  point  of  C(3a)  and  C(3)  as 
shown  in  Figure  7-12.  Due  to  the  tert-butyl  group,  the  Cp 
ring  of  7-1  was  expected  to  exhibit  pronounced  torsional 
deformation.  The  tert-butyl  bearing  carbons  C(2)  and  C(2a) 
tip  away  from  the  rhodium.  The  distance  between  C(2)  and 
adjacent  carbon  C(l),  C(3),  C(2)-C(l)  and  C (3 ) -C (1) ,  are 

significantly  longer  than  C(3)-C(3a),  which  are  even  longer 

o 

than  typical  value  of  1.40  A  for  cyclopentadienylrhodium 

complexes . 74 

The  structure  shows  a  negligible  deviation  from 

planarity,  the  mean  distance  from  the  ring  carbons  to  the 

o 

least-squares  plane  being  0.04  A-  tert-Butyl-bearing  carbons 

C(2)  and  C  (2a)  tip  away  from  the  rhodium  and  the  other  three 
carbons  tip  toward  it.  This  deviation  is  smaller  than  the 
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o  o 

deviation  of  0.12  A  in  (Cp**RhCl2)  2-  the  deviation  of  0.29  A 

o 

in  Cp**Rh(PPh3)Cl2  and  the  deviation  of  0.11  A  in 

Cp*Rh(CO) 2-73  Table  7-7  shows  the  amount  of  deviation  of  each 

substituent  from  their  respective  planes  in  terms  of 

distance  (d)  and  in  terms  of  angle  (y)  as  well  as  angle  (G)  from 

rhodium.  As  a  result  the  rhodium  atom  is  somewhat  more 
shielded  in  7-1  than  in  the  other  rhodium  complexes. 


C7a 


C6a 


C4a 


:5a 


CI                            J 

#34(8) 

10^^1.426(6)          / 

_^-C6 

s         ^>£2r--^\ 

-r528(8) 

C2a     106.0(4)T^498(7)>S 

\538(9) 

V                       7.454(6) 

x:5 

\c3a  109-Offf 

1.382(7) 

Fig. 7-12.  Selected  bond  lengths (A)  and  angles (°)  for 
the  cyclopentadienyl  ligand  of  compound  7-1. 
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Rh 

1.929(5^.8(^.931(5) 

2  111.0(l°4Ql 

J   1,513(10) 
98.2(7) 

^.559(15*^446^ 
.60(3) 


1.491(10) 


0 


1.689(14)C9 


Fig. 7-13.  Selected  bond  lengths (A)  and  angles (°)  for 
the  pinacolate  ligand  of  compound  7-1 . 


Table  7-4.  Fractional  coordinates  and  equivalent   isotropic3 
thermal  parameters  (A^)  for  the  non-H  atoms  of  compound  7-1 , 


Atom 


_U_ 


Rh 

01 

02 

CI 

C2 

C3 

C4 

C5 

C6 

C7 

C8 

C9 

CIO 

Cll 

C12 

C13 


0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 


37620(6) 

4806(4) 

2575(4) 

2762(6) 

3482(3) 

4698(4) 

3075(4) 

3976(7) 

1890(6) 

2960(8) 

4177(8) 

5003  (7) 

375(3) 

3073(8) 

2146(7) 

350(3) 


0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 


75 

75 

75 

75 

6820(3) 

7096(3) 

5988(3) 

5435(4) 

5898(5) 

5771(5) 

7203  (7) 

7700(9) 

640(2) 

7747  (7) 

750(2) 

863  (2) 


0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

-0 

-0 

-0 

-0 

-0 

-0 


22804(4: 

0803  (5) 

0942(5) 

4040(6) 

3978(3) 

3953  (4) 

4047(5) 

3414(8) 

3355(7) 

5478(6) 

0389  (8) 

1473  (7) 

047(3) 

0327  (8) 

1292(7) 

047(2) 


0, 

0, 

0. 

0, 

0. 

0, 

0. 

0 

0 

0 

0 

0 

0 

0 

0 

0 


03894(15) 

095(3) 

097(3) 

042(2) 

042(2) 

048(2) 

053(2) 

077(3) 

071(2) 

082(3) 

055(5) 

062(6) 

14(2) 

060(6) 

136(7) 

14(2) 


^For  anisotropic  atoms,  the  U  value  is  Uea,  calculated  as  U 
=  1/3  I-jX-j  U 


ID 


ar 


Aj_j  where  Aj_j  is  the  dot  product  of 


the  it"  and  j^h  direct  space  unit  cell  vectors. 
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Table  7-5.  Anisotropic  thermal  parameters3  for  the 
non-H  atoms  of  compound  7-1. 


Atom      Ull       U22       U33       U12       U13       U23 

Rh  0.0269(2)  0.0561(2)  0.0338(3)  0.0000  -0.00169  0.0000 

01  0.030(3)  0.219(3)  0.036(8)  0.0000  -0.00105  0.0000 

02  0.029(2)  0.223(2)  0.038(8)  0.0000  -0.00587  0.0000 
CI  0.031(4)  0.063(4)  0.031(5)  0.0000  0.0046  0.0000 
C2  0.032(3)  0.060(3)  0.035(3)  0.004(2)  -0.000(2)  0.007(2) 
C3  0.036(2)  0.073(2)  0.036(4)  0.009(2)  -0.003(2)  0.002(2) 
C4  0.050(3)  0.054(3)  0.054(3)  0.007(2)  -0.000(2)  0.010(3) 
C5  0.074(5)  0.061(5)  0.097(4)  0.013(4)  0.007(4)  0.002(5) 
C6  0.068(4)  0.056(4)  0.089(4)  -0.009(3)  -0.010(4)  0.010(5) 
C7  0.105(6)  0.078(6)  0.063(5)  0.004(4)  0.004(4)  0.023(4) 
C8  0.050(5)  0.078(5)  0.038(12)  0.006(4)  -0.004(4)  -0.003(5) 
C9  0.055(5)  0.090(5)  0.04(2)  0.001(3)  0.011(5)  -0.003(4) 
C10  0.20(2)  0.12(2)  0.10(3)  -0.03(2)  -0.08(2)  0.00(2) 
Cll  0.049(6)  0.093(6)  0.04(2)  0.009(4)  -0.005(5)  -0.006(4) 
C12  0.063(6)  0.302(6)  0.04(2)  -0.081(5)  -0.01(3)  -0.003(4) 
C13  0.33(4)  0.06(4)  0.04(2)  0.06(2)  0.029(10)  0.026(11 


3-The  Uij  are  the  mean-square  amplitudes  of  vibration  in  A2  from  the 
general  temperature  factor  expression 

exp[-27C2(h2a*2Ull  +  k2b*2U22  +  l2c*2U33  +  2hka*b*Ul2  +  2hla*c*Ul3 
+  2klb*c*U23) ] 
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Table  7-6.  Bond  lengths  (A)  and  angles  (°)  for  the  non-H  of 
compound  7-1. 


1-2  1-2-3 


01 

Rh 

02 

1.932(5) 

81.8(2) 

02 

Rh 

1.929(5) 

CI 

Rh 

2.144(6) 

C2 

Rh 

2.132(4) 

C3 

Rh 

2.144(4) 

C8 

01 

Rh 

1.513 (10) 

111.0(4) 

Cll 

02 

Rh 

1.491(10) 

111.7  (4) 

C2 

CI 

C2a 

1.423(6) 

109.8(5) 

C3 

C2 

C4 

1.454(6) 

126.9(4) 

C3 

C2 

CI 

106.0(4) 

C4 

C2 

CI 

1.498(7) 

126.8(4) 

C3a 

C3 

C2 

1.382(7) 

109.0(4) 

C5 

C4 

C6 

1.538(9) 

108.6(5) 

C5 

C4 

C7 

108.6(5) 

C5 

C4 

C2 

111.2(4) 

C6 

C4 

C7 

1.528(8) 

110.7(5) 

C6 

C4 

C2 

110.1(4) 

C7 

C4 

C2 

1.534(8) 

107.6(5) 

C9 

C8 

CIO 

1.689(14) 

128.3  (14) 

C9 

C8 

Cll 

99.8(8) 

C9 

C8 

01 

96.5(7) 

CIO 

C8 

Cll 

1.46(4) 

107.7  (15) 

CIO 

C8 

01 

121.0(13) 

Cll 

C8 

01 

1.559(15) 

98.2(7) 

C12 

Cll 

C13 

1.51(2) 

115. (2) 

C12 

Cll 

02 

103.9(9) 

C12 

Cll 

C8 

111.0(14) 

C13 

Cll 

02 

1.60(3) 

117.7  (10) 

C13 

Cll 

C8 

108.9(14) 

02 

Cll 

C8 

99.8(7) 

CH3   CH3 


CH: 


Fig.  7-14.  Deviation  of  substituent  from  a  ring  plane 


Table  7-7.  Comparison  of  substituent  deviations  from  a 
ring  plane. 


Complex 

0 

d,    A 

r,    deg 

6,    deg 

A. 

2 

0.12 

4.8 

130.9 

Rh 

cr  AN>ph3 

Cl 

0.29 

10.3 

135.9 

Rh 

-H- 

0.04 

2.8 

127.2 

A 

CO        CO 

73 
0.11 

5.4  ?3 

CHAPTER  8 
REDUCTIVE-ELIMINATION  AND  OXIDATIVE-ADDITION  CHEMISTRY 

OF 
Cp**Rh(I)  INTERMEDIATE 


Reductive-elimination  reactions  are  as  mechanistically 
diverse  as  oxidative-addition  reactions  as  shown  in  equation 
8-1.  Although  the  mechanisms  of  several  reductive-elimination 
reactions  have  been  studied  in  detail,  it  is  not  yet  possible 
to  generalize  these  results.  Concerted,  stepwise,  and  radical 
mechanisms  have  been  postulated  or  observed. 


'X      RE 

Ln^(n+2)   ;  LnM(n)  +  X-Y      Eq.8-1 

"  ,Y       °"A 


It  is  possible  to  generalize74  about  some  of  the  factors 
which  are  important  in  effecting  intramolecular,  mononuclear 
reductive-elimination.  Among  them  are  (1)  a  cis   relative 
orientation  between  the  two  ligands  being  eliminated, (2)  the 
presence  of  bulky  ancillary  ligands,  (3)  the  possible 
formation  of  an  electronically  stable  product  complex,  and 
(4)  a  high  formal  charge  on  the  metal  atom.  The  first 
condition  places  the  ligands  being  eliminated  in  close 
proximity,  while  the  second  contributes  a  thermodynamic 
driving  force  to  the  elimination  process:  The  coordination 
number  of  the  metal  atom  decreases  by  two  units  upon 
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elimination,  affording  a  product  with  considerably  less 
interligand  steric  repulsion.  The  third  criterion  appears  to 
be  very  important.  For  general  reductive-elimination 
reactions  the  electronic  stability  of  the  product  complex, 
LnM  is  critical.  If  the  complex  is  quite  stable,  then 
reductive-elimination  is  favored.  The  kinetically-controlled 
product  is  of  particular  interest.  This  complex  might  undergo 
subsequent  reaction  chemistry. 

Reductive-elimination  is  usually  favored  when  the  number 
of  unpaired  electrons  on  M  does  not  change  during  the 
reaction.75  In  other  instances,  the  most  stable  product 
complex  has  a  different  number  of  unpaired  electrons  on  M 
than  the  reactant  complex  has.  Reductive-elimination  under 
this  circumstance  may  be  very  slow (or  disallowed)  thermally, 
but  more  rapid  with  photochemical  activation  that  excites  M 
in  the  reactant  complex  to  a  spin  state  similar  to  that  in 
the  preferred  product  complex. 

It  has  been  recognized  that  ultraviolet  irradiation  of 
transition-metal  oxalate  complexes  leads  to  irreversible 
fragmentation  for  the  oxalate  ligand  to  two  molecules  of 
carbon  dioxide,  with  concomitant  transfer  of  two  electrons  to 
the  metal  center.76  Photolysis  of  thermally  stable  (1,2- 
bis (diphenylphosphino)platinum(II)  glycolate  complexes  causes 
a  facile  net  [2+2+2]  cycloreversion  of  the  2, 5-dioxaplatina 
cyclopentane  moiety  to  give  two  organic  carbonyl  compounds 
and  a  reactive  (dppe)Pt(O)  intermediate,  as  shown  by  trapping 
with  dppe,  ethylene,  or  hydrogen  as  shown  in  Figure  8-1.77"80 
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Fig. 8-1.  Photolysis  of  Pt (glycolate)  complex 


It  was  predicted  that  the  Cp**Rh(pinacolate)  complex  would 
prove  to  be  a  valuable  precursor  for  photolytically 
generating  a  reactive,  low-valent  intermediate,  Cp**Rh(I) 
(8-4 )  .  together  with  two  equivalents  of  acetone.  If  the  life 
time  of  the  generated  Rh(l)  intermediate (8-4 )  were  long 
enough,  direct  oxidative-addition  might  be  observed.  There 
was  some  concern  that  the  acetone  generated  could 
undergo  oxidative-addition  with  the  reactive  intermediate ( 8 - 
4.)  as  shown  in  Figure  8-2  and  compete  with  other  reactants. 
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acetone 


7-1 


Rh(I) 

/\ 

THF      THF 
8-4 


Rh(ni) 


/\ 


HCOCH, 


8-5 


Fig. 8-2.  Oxidative  addition  of  acetone  to  Cp**Rh(l). 

Consequently,  a  procedure  was  designed  which  would  permit 
continuous  removal  of  acetone  as  it  was  formed.  The 
photolysis  reactions  were  conducted  under  a  variety  of 
conditions  and  the  products  were  reacted  with  a  number  of 
substances  in  order  to  learn  about  nature  and  reactivity  of 
the  Rh(l)  intermediate (8-4) . 

Photolysis  of  Cp**Rh (pinacolate)  with  CH^I 


Irradiation  of  Cp**Rh (pinacolate)  in  THF  solution  in  the 
presence  of  CH3I  at  room  temperature  for  1  hr  using  one  275 
watt  sunlamp  results  in  the  formation  of  the  iodine- 
containing  complex  [Cp**RhI?1 ? (8-7 )  in  86  %  yield  rather  than 
the  expected  Cp**Rh(CH^) I (8-6) .  The  1H  NMR  spectrum  shows  a 
resonance  of  81.32  for  the  tert-butyl  moiety  of  the  Cp** 
ring,  in  addition  to  resonances  for  the  two  ring  protons  at  8 
5.45  and  8  5.72.  It  provides  no  evidence  of  a  methyl  group 
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coordinated  to  rhodium.  The  mass  spectrum  displays  the 
monomer  parent  ion,  m/e  1068. 

The  product  indicates  oxidative-addition  reaction  has 
occurred.  One  possible  mechanism  for  this  reaction  is 
proposed  in  Figure  8-3 .  It  might  involve  two  main  stepwise 
conversions,  a  reductive-elimination  of  the  pinacolate  ligand 
from  7-1  via  photolysis  and  oxidative-addition  of  radical 
oxidative  reagents  to  a  Rh(I)  intermediate  to  give  the 
product  [Cp**Rhl2l2  (8-7)  .  The  intermediate  Rh(I)  species,  .8_i 
A,    which  is  presumably  coordinated  to  THF,  is  likely  to  be 
shortlived  and  reactive  toward  oxidants.  This  reactive 
intermediate (8-4)  might  cause  the  radical  reaction  through 
initiation  to  give  8-6 .  The  diiodide (8-7 )  might  result  from  a 
disproportionation  reaction  between  8-6 . 

Since  no  x-ray  diffraction  study  was  done  on  the 
compound,  the  dimer  structure  is  speculative  and  based  on 
analogy  to  the  related  chloride  complex (3-2 ) . 
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Rh(ni) 
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Table  8-1.  NMR  spectral  data(ppm)  for  the  compound  8-7 
in  CDCI3 


LH  NMR 


tert-butyl 


H7:  1.32,s,18H 


ring 


H2:    5.54,d,lH 
jRh-H=  6.24  Hz 

H4,5:  4.14,d,2H 
jRh-H=  1-56  Hz 


13C  NMR 


C7:  31.67,s 


C2:  81.72,d 

jRh-c=  6.20  Hz 


C4,5:  82.31,d 
JRh-c=  4.04  Hz 


Cl.3:  128. 61, d 
jRh-c=  5.25  Hz 
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Fig. 8-3.  Photolysis  of  7-1  with  CH3I 


Reaction  of  Co**Rh (pinacolate)  with  CH^I 


Attempts  were  made  to  react  7-1  with  CH3I  without 
irradiation.  It  was  stirred  at  room  temperature  under  normal 
light  to  observe  any  difference  as  a  result  of  photolysis. 
There  was  no  immediate  change,  but  the  color  changed 
gradually.  After  stirring  for  24  hr,  the  solvent  was  removed 
under  vacuum.  The  product  was  identical  with  those  formed  on 


96 

irradiation  of  7-1  in  the  presence  of  CH3I.  Recrystallization 
from  CHCl3/pentane  gave  the  product  in  87  %  yield,  which  was 
confirmed  as   8-6   by  1H  NMR,  13C  NMR  and  FAB  MS.  However  the 
mechanism  different  from  that  of  photolysis  is  proposed  in 
Figure  8-4.  Although  it  is  slower  compared  to  photolysis,  the 
thermally  induced  reductive-elimination  result  in  the  14- 
electron,  coordinatively  unsaturated  intermediate  8-4 .  This 
THF-coordinated  intermediate  8-4  undergoes  Sn2  type  oxidative 
addition  with  CH3I  to  give  8-8  followed  by  nucleophilic 
attack  of  I~  to  yield  8-7 .  analogous  to  the  product  of 
photolysis  as  shown  in  Figure  8-3. 
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Fig. 8-4.  Reaction  of  Cp**Rh (pinacolate)  with  CH3I 
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Photolysis  of  Cp**Rh (pinacolate)  with  CHCl^ 

When  photolysis  of  a  solution  of  Cp**Rh (pinacolate)  (7-1)  was 
performed  in  the  presence  of  CHCI3  in  a  manner  analogous  to  the 
photolysis  of  7-1  with  CH3I,  the  formation  of  3-2  was  observed  in 
high  yield(85%)  .  It  was  confirmed  by  m.p,  1H  NMR,  13C  NMR  and  FAB 
MS.  These  observations  are  consistent  with  a  similar  photolysis 
mechanism  shown  in  Figure  8-5. 
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Fig. 8-5.  Photolysis  of  Cp**Rh (pinacolate)  with  CHCI3 
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Irradiation  of  7-1  results  in  the  formation  of  reactive 
intermediate (8-4) ,  which  undergoes  oxidative  addition  with 
CHCI3  immediately.  A  mechanism  to  account  for  this  result  is 
proposed  in  Figure  8-5. 

Reaction  of  Cp**Rh (pinacolate)  with  CHCl^ 

Reaction  of  Cp**Rh (pinacolate)  with  CHCI3  in  THF  at  room 
temperature  for  2  4  hr  led  to  the  formation  of  the  compound 
3-2  .  It  was  confirmed  by  m.p,  ^-H  NMR  and  13C  NMR,  and  found  to 
be  identical  with  those  formed  on  irradiation  of  7-1  with 
CHCI3  as  shown  in  Figure  8-5.  The  yield (68%)  is  relatively 
low,  presumably  attributed  to  the  shortlived  intermediate  8-4 
and  weak  nucleophilic  attacks.  The  possible  mechanism  to 
explain  these  products  is  shown  in  Figure  8-6.  The  cleavage 
of  the  Rh-0 (pinacolate)  bond  proceeds  slowly  when  compared  to 
that  of  photolysis  and  the  generated  intermediate  8-4  might 
not  react  readily  with  CHCI3  in  comparison  with  a  reaction 
with  an  irradiated  radical  °C1  of  Figure  8-5.  However  this 
product  indicates  the  reductive-elimination  and  oxidative- 
addition  could  undergo  thermally  on  7-1  via  an  intermediate 
£^4. 
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Fig. 8-6.  Reaction  of  Cp**Rh(pinacolate)  with  CHCI3 


Photolysis  of  Cp**Rh(pinacolate)  with  1 2 


As  an  effort  to  elucidate  the  mechanism  proposed  for  the 
photolysis  in  Figure  8-3,  the  photolysis  was  examined  in  the 
presence  of  1 2  in  analogous  manner.  The  product  was  fully 
characterized  by  1H  NMR,  13C  NMR  and  FAB  MS.  As  expected,  the 
same  product  was  observed  in  high  yield(92%),  which  is 
identical  with  those  formed  on  irradiation  of  7-1  in  the 
presence  of  CH3I.  The  mechanism  for  explaining  the  product  is 
proposed  in  Figure  8-7. 
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Fig. 8-7.  Photolysis  of  Cp**Rh (pinacolate)  with  I2 


Reaction  of  Cp**Rh (pinacolate)  with  I? 


Reaction  of  7-1  with  a  slight  excess  of  I2  at  22°C  for 
24  hr  led  to  the  formation  of  the  air-stable  8-7  in  75  % 
yield,  which  was  confirmed  by  1H  NMR  and  13C  NMR  spectroscopy, 
As  expected  the  product  was  analogous  to  those  of  photolysis. 
The  thermally  induced  reductive-elimination  occurs  to  give 
the  14  electron  intermediate  8-4 .  which  undergoes  Sn2  type 
oxidative-addition  with  I2  to  give  8-7  .   This  mechanism  is 
shown  in  Figure  8-8,  and  is  similar  to  that  proposed  in 
Figure  8-4  for  the  reaction  of  7-1  with  CH3I. 
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Fig. 8-8.  Reaction  of  Cp**Rh (pinacolate)  with  I2 


Reaction  of  Cp**Rh (pinacolate)  with  Ph(SO?)Cl 


Thermal  reaction  of  7-1  with  CH3I  and  CHCI3  has  already 
given  an  evidence  of  the  occurrence  of  reductive-elimination 
and  oxidative-addition  in  the  compound  7-1 .  In  an  attempt  to 
find  additional  examples  of  such  processes,  another 
oxidative-addition  reagent,  Ph(S02)Cl,  was  also  examined.  The 
reaction  of  7-1  with  an  excess  of  Ph(S02)Cl  at  22°C  for  2  hr 
led  to  the  formation  of  the  air-stable  di (phenylsulfonyl) 
rhodium(III)  complex,  Cp**Rh (SC^Ph) 2  (8-10)  in  71  %  yield.  It 

was  characterized  by  1H  NMR  and  13C  NMR  spectroscopy  .  The  1H 
NMR  spectrum  shows  a  resonance  at  6  1.35  for  tert-butyl 
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group  of  Cp**  ring,  8  5.59  and  8  5.75  for  ring  protons. 
Additional  support  for  this  structure  was  provided  by  FAB 
mass  spectrum;  the  parent  ion  peak  of  m/e  562.  On  the  basis 
of  these  results  a  possible  mechanism  is  proposed  in  Figure 
8-9.  It  involves  the  thermal  generation  of  the  intermediate 
8-4,  followed  by  SN2  type  oxidative  addition  of  Ph(S02)Cl  to 
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Fig. 8-9.    Reaction  of   Cp**Rh (pinacolate)    with   Ph(S02>Cl 
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To  find  evidence  of  the  formation  of  an  intermediate  8-4 
generated  during  the  reaction  was  critically  important  in 
order  to  explain  all  reaction  products  and  proposed 
mechanisms.  Attempts  to  trap  the  proposed  intermediate  8-4 
with  DPPE  were  made  by  irradiating  of  7-1  with  DPPE.  The 
photolysis  of  7-1  was  carried  out  in  the  presence  of  DPPE 
until  the  color  changed  from  violet  to  reddish  brown.  During 
photolysis  the  solution  was  subjected  to  a  partial  vacuum  to 
remove  acetone  as  it  was  formed.  The  solvent  volume  was  held 
constant  by  slow  addition  of  fresh  THF  with  a  syringe.  After 
10  min  of  photolysis  the  solvent  was  evaporated  and  the 
residue  was  extracted  with  pentane  to  give  Cp**Rh(DPPE) (8-11) 
as  an  orange  solid  in  78  %  yield.  The  1H  NMR  spectrum  of  8-11 
exhibits  resonances  at  8  1.13  for  the  tert-butyl  group  of  the 

Cp**  ring  and  two  sets  of  resonances  for  ring  protons; 
doublet  at  8  2.67  (J=2.31  Hz)  and  a  doublet  at  8  4.97 

(J=  2.19).  Such  coupling  might  be  due  to  the  split  by 
phosphorus.  The  presence  of  DPPE  coordinated  to  Rh  is 
suggested  by  the  appearance  of  doublet  resonances  at  8  1.90 

(JP_H=18.39  Hz)  for  the  methylene  moiety  of  DPPE  in  the  *H 
NMR.  This  product  is  of  great  interest  because  it  is  the 
first  isolated  stable  Cp**Rh(I)  complex.  The  pathway  of 
photolysis  is  shown  in  Figure  8-10. 


8-11 


Fig. 8-10.  Trapping  of  8-4  with  1,2- 
Bis (diphenylphosphino) ethane (DPPE) 


CHAPTER  9 
CHEMISTRY  OF  Cp**Rh(I) (PPh3) 


Introduction 


Evidence  for  the  presence  of  the  Cp**Rh(l)  intermediate 
(8-4)  was  provided  by  successful  trapping  experiments 
utilizing  DPPE  in  support  of  the  mechanism  proposed  for  the 
reductive-elimination  reaction  of  7-1.  The  intermediate  (8-4 ) 
was  assumed  to  be  coordinated  to  the  solvent (THF)  and  could 
not  be  isolated.  For  the  development  of  various  oxidative- 
addition  reactions  of  Cp**Rh  complex,  we  needed  to  synthesize 
an  intermediate  which  would  be  longer-lived  and  still 
reactive  toward  oxidative  addition  reagents. 
It  has  long  been  recognized81  that  changing  substituents  on 
phosphorus  ligands  cause  marked  changes  in  the  behavior  of 
the  free  ligands  and  of  their  transition  metal  complexes. 
Since  steric  effects  are  generally  believed  to  be  at  least  as 
important  as  electronic  effects,  the  study  of  the 
stereochemistry  in  phosphine  ligands  is  a  topic  of  interest 
to  chemists.82  Previously  other  workers83  have  studied 
complexes  with  differing  steric  and  electronic  factors 
resulting  from  variation  of  the  phosphine  ligand  in  a  series 
of  (C5Me5)Rh(PR3)Cl2  complexes.  The  initial  phosphines 
examined  were  PMe2Ph,  PMePh2  and  PPh3 ,  with  the  size 
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increasing  in  the  order  PMe2Ph  <  PMePh2  <  PPI13  as  determined 
by  a  "cone  angle"  (6)  measurement  (122°,  136°,  145°, 

respectively).  Attachment  of  a  phosphorus  ligand  to  Rh(l)  has 
been  attempted  in  order  to  get  a  stable  intermediate.  However 
the  synthesis  of  intermediate  which  is  both  stable  and 
reactive  has  not  been  reported  yet.  The  compound 
Cp*Rh(l) (PMe3)2  has  been  synthesized.84  It  was  reported  to  be 
stable  and  not  reactive  toward  oxidative-addition  reagents. 

The  trapped  product  Cp**Rh(l) (DPPE) (8-11)  was  stable  and 
did  not  react  with  the  substance  which  was  expected  to 
affect.  Since  the  formation  of  isolable,  reactive 
intermediates,  Cp**Rh(I)  (L)  (8-4) ,  could  play  an  important 
part  in  the  recognition  of  the  oxidative-addition  chemistry 
of  Cp**Rh(I)  complexes,  the  synthesis  of  a  triphenylphosphine 
derivative  was  undertaken. 


Synthesis  of  Cp**Rh (I) PPlu 

A  solution  of  Cp**Rh(pinacolate) (7-1)  in  THF  was 
photolyzed  in  the  presence  of  PPI13  at  reduced  pressure  using  a 
275  watt  sunlamp,  in  a  manner  analogous  to  that  used  for 
trapping  Cp**Rh(I)  (Figure  8-10  and  9-1).  After  10  min  its 
color  changed  from  violet  to  dark  green.  Removal  of  solvent 
followed  by  addition  of  cold  pentane  gave  rise  to  the 
"stable"  isolated  Rh(l)  complex  Cp**Rh  (I)  PPI13  (9_^1)  in  a  92  % 
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Fig. 9-1.  Synthesis  of  Cp**Rh(I) PPh3 

yield.  It  is  air-sensitive  but  stable  under  nitrogen  as  well 
as  in  THF  solution.  It  was  fully  characterized  by  1H  NMR,  13C 
NMR,  31P(1H)NMR,  and  FAB  MS.  Since  the  product (2^1)    was 
reactive  to  CDCI3,  C6D6  was  used  as  an  NMR  solvent.  The  1H  NMR 
spectrum  of  9-1  exhibits  peaks  attributable  to  the  tert-butyl 
protons,  the  Cp**  ring  protons,  and  the  phenyl  protons  of 
PPh3  as  shown  in  Table  9-1.  The  coupling  of  the  ring  protons 
of  the  Cp**  ring  to  phosphorus  is  smaller  than  for  those  of 
5-2  and  4-2 .  The  H2  resonance  was  found  at  5  4.32(Jp_n=  1.62 
Hz)  and  the  H4,5  resonance  appeared  at  8  4.24(Jp_H=  2.01  Hz). 
The  product  (9-1)  was  observed  to  react  with  C6D6  gradually, 
which  caused  difficulty  in  getting  high  number  of 
acquisitions  for  the  13C  NMR.  No  resonance  of  the  shielded 
carbons (C1-3)  was  detected.  The  31P(1H)NMR  spectrum  in  C6D6 
showed  a  resonance  at  8  56.48  and  8  57.48  with  doublet 
coupling  (J=15.00  Hz)  due  to  the  split  by  phosphorus. 
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Table  9-1.  NMR  spectral  data(ppm)  for  the  compound  9-1 
in  C6D6 


tert -butyl       ring  PPh3 


H7:  1.35.S.18H    H2:  4.32,d,lH     6.93,d,9H 
XH  NMR 

Jp_H=1.62  Hz      Jp_H=0.93  Hz 


H4,5:4.24,d,2H    7.68,m,6H 
JP_H=2.01  Hz      Jp_H=21.00  Hz 


13C  NMR    C7:  33.14,s    C2 :  71.20,dd     127. 06, m 

J=  3.50  Hz        Jp-C=15.00  Hz 
J=  2.90  Hz 


C4,5:  83.10,s 


132. 37, d 
JP_c=9.62  Hz 

134. 56, d 

Jp_c=11.63  Hz 

135. 20, d 

JP_c=12.41  Hz 
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Oxidative-addition  of  CHCI2  to  9-1 

Since  it  was  observed  that  9-1  reacted  with  CDCI3, 
attempts  were  made  to  prepare  an  oxidative-addition  product 
of  CHCI3.  When  7-1  was  photolyzed  in  THF  containing  PPI13  for 

10  min  at  reduced  pressure,  a  dark  green  solution  was  formed, 
CHCI3  was  then  added  and  stirred  for  1  hr.  The  color  changed 
from  dark  green  to  red-orange,  a  visual  indication  of 
oxidative-addition. 


Rh(l) 
I 

Ph^  *Ph 
Ph 

9-1 


CHC1 


25^ 
THF 


Rh 
«   CHC1 2 

PM  *Ph 

Ph 


Rh 
<*  *XCHC12 

a"  Ph^Ph 

Ph 


Disproporti  onation 


Rh(m) 

ci^A^ci 
^p-> 

Ph  A  *Ph 
Ph 

5z2 


Fig. 9-2.    Oxidative-addition  of  CHCI3   to   9-1 
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Crystallization  with  cold  pentane  gave  a  red-orange 
solid  in  83  %  yield  which  was  shown  by  XH  NMR  and  13C  NMR  to 
be  identical  with  5-2 .  It  is  obvious  from  the  product  (5-2 ) 
that  oxidative-addition  of  CHCI3  to  9-1  has  occurred.  A 
possible  mechanism  to  explain  the  product  is  proposed  in 
Figure  9-2. 

Oxidative-addition  of  I?  to  9-1 

The  compound  9-1  was  prepared  in  an  manner  analogous  to 
that  used  for  the  oxidative-addition  of  CHCI3  to  9-1 
(Fig. 3-2).  Reaction  of  9-1  with  I2  in  THF  at  25°C  for  1  hr 
yielded  the  diiodide  complex  Cp**Rh(PPhn) lo (9-2)  in  89  % 
yield.  It  was  characterized  with  1H  NMR,  13C  NMR,  and  FAB  MS. 
In  the  1H  NMR  and  13C  NMR  the  product  (9-2)  exhibited 
resonances  similar  pattern  to  those  found  for  Cp**Rh (PPh3)Cl2 
(5-2 ) .  The  progress  of  the  reaction  was  checked  with  1H  NMR. 
Prolonged  reaction  times  led  to  an  increase  in  the  formation 
of  rCp**RhI?l 9 (8-7)  as  a  byproduct.  Stirring  for  7  hr  yielded 
9-2  and  8-7  in  a  ratio  of  2:3,  while  a  prolonged  3  6  hr 
reaction  gave  the  two  in  a  ratio  of  1:3.  The  formation  of  8-7 
is  believed  to  result  from  slow  release  of  triphenylphosphine 
from  the  crowded  complex  9-2 .  Whether  8-7  exists  as  monomer 
or  as  a  dimer  as  shown  in  Figure  9-3  has  not  been  determined 
experimentally.  The  dimer  structure  is  presented  in  analogy 
to  the  corresponding  chloride. 
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Rh(l) 
I 

Ph  A  *Ph 
Ph 

2zl 
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25t 
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Fig. 9-3.    Oxidative-addition  of    I2   to   9-2 


CHAPTER  10 
DIMERIZATION  OF  Cp**Rh(l! 


Introduction 


Metal-metal  multiple  bonds  have  been  of  interest  since 
defined  multiple  bond  orders  were  first  formulated  for 
[Re3Cli2]3"(order=2)85  and  [Re2Cl8] 2" (order=4 ) 86  in  1964. 
Further  examples  were  reported87  soon  thereafter  and 
theoretical  investigations  and  interpretation  have  been  done 
on  the  involvement  of  d  orbitals  in  the  bonding  systems.  The 
almost  immediate  consequence  was  the  distinction  between 
bridged  and  nonbridged  systems,  as  exemplified  by  the  two 
historical  protagonists  10-1  and  10-2 .  respectively.88 


H20 


a   a   a   a 

yv  A 

a   a   a   a 


10-2 
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Numerous  examples  of  double  and  triple-bond  systems 
involving  7C-acceptor  ligands  are  known  for  elements  of  groups 

3-8  of  the  periodic  table.  Although  the  diverse  reactivity  of 
these  complexes  has  attracted  much  interest,  bridging  ligands 
complicate  the  matter;  the  determination  of  defined  bond 
orders  has  proven  to  be  problematic  for  rcpCo  (NO)  2]  2  (10^3.)  -89 
[CpCo(CO)2]2(i^l)  ,89  and  [CpM(CO)2]2(M=  Cr  ,Mo,  W)  (JJL^)  . 87  In 
order  to  understand  the  overall  system,  it  is  necessary  to 
consider  the  electronic  situation  of  the  CO  bridges  (o  +  K  bond, 

referred  to  as  semi-bridging)  and  even  that  of  the  Cp 
ligands . 


O  O 

N  C 


CO    CO 


CpCo CoCp  CpCo CoCp  CpM  =MCp 

\  /  \  / 

NNT  C' 

o  o 

10-3  !M  10=5. 


However,  the  synthesis  of  organometallic  multiple  bond 
systems  without  bridging  ligands  has  also  been  of  interest.90 
Recently  Schneider  et  al.91  could  co-condense  a  potential  7t 

ligand  with  cobalt  atoms  in  a  metal  vaporization  reactor  to 
synthesize  it.  The  co-condensation  method  has  been 
continually  developed  in  order  to  obtain  organotransition- 
metal  complexes.  For  instance,  the  co-condensation  of  metal 
vapors  with  a  wide  range  of  substituted  cyclopentadienes  has 


114 

usually  afforded  metallocene  hydrids  of  the  type  CP2M0H2  or 
Cp2ReH2.92 

Schneider  et  al.91  reported  the  synthesis  of  a  binuclear 
cobalt  complex,  which  was  a  decisive  turn  of  events  leading 
to  a  binuclear  complex.  A  claim  was  made  that  the  first 
nonbridged  organometallic  multiple-bond  complex  10-6  had  been 
obtained  in  5-15  %  yield.  The  Co-Co  distance (2 . 253 (1) A) , 
which  is  0.08A  shorter  than  that  in  [Cp*2C02  (|l-CO)  2]  / 93 

supported  the  presence  of  a  nonbridged  M-M  double  bond. 


10-6 

But  this  report  was  proven  wrong  by  Rheingold  et  al.,94 
who  independently  set  out  to  determine  the  complex's  true 
nature.  From  their  own  experiments,  they  concluded  that 
Schneider  et  al.91  actually  prepared  a  new  mixed-valent  cobalt 
hydride,  Co*Co  (|J2~H)  ^-CoCo*  (10-7  )  ,  which  contains  three 
bridging  hydrides.  Although  they  prepared  the  complex  in  a 
different  way,  all  the  crystallographic  parameters  are 
essentially  the  same.  However,  the  nonbridged  organometallic 
multiple-bond  Co  complex,  Cp*Co=CoCp* (10-6) ,  still  remains 
unknown . 
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KfeZ 

We  recognized  that  that  the  irradiation  of  the 
Cp**Rh(pinacolate) (7-1)  leads  to  photochemical  degradation  to 
produce  a  reactive,  coordinatively  unsaturated  fragment, 
Cp**Rh(l).  This  intermediate  might  dimerize  itself  to  give  a 
nonbridged,  metal-metal  multiple  bond  complex  rCp**Rhl ? (10-8 ) 
as  shown  in  Fig. 10-1.  The  formation  of  10-8  is  of  interest, 
since  no  work  has  been  reported  on  nonbridged  rhodium-rhodium 
multiple  bond  dimers 


Rh(m) 

A 


2  acetone 
hv 


a 


THF 


Rh(I) 

/\ 


THF      THF    J 


7-1 


Rh 
II 


Rh 


10-8 


Fig. 10-1.  The  photolysis  of  7-1  for  the  synthesis  of 
nonbridged  dimer (10-8 ) . 


The  result  of  the  reaction  of  7-1  with  benzopinacolate 
supported  the  formation  of  dimer (10-8) .  The  synthesis  of 

Cp**Rh (benzopinacolate)  was  attempted  in  a  manner  similar  to 
that  used  for  the  synthesis  of  7-1,  but  the  NMR  spectra 

exhibited  peaks  for  both  the  generated  benzophenone  and  an 
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unknown  compound.  These  results  were  interpreted  as  a 
dissociation  of  the  coordinated  benzopinacolate  into 
benzophenone  and  Cp*Rh(l)  with  subsequent  dimerization  of 
Cp**Rh(I)  as  shown  in  Figure  10-2. 
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Fig. 10-2.  The  generation  of  dimer  of  Cp**Rh(l) 


Preparation  of  dimer 


Based  on  this  finding,  it  was  expected  that  the 
photolysis  of  7-1  in  THF  in  the  absence  of  any  reactive 
species  would  lead  to  the  formation  of  dimer (10-8) .  As  there 
was  some  concern  that  the  acetone  generated  could  undergo 
oxidative-addition  with  the  reactive  intermediate (8-4 )  as 
shown  in  Figure  8-2,  a  procedure  was  designed  which  would 
permit  continuous  removal  of  acetone  as  it  was  formed. 
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Consequently,  the  photolysis  was  performed  under  reduced 
pressure  with  continuous  addition  of  fresh  solvent. 

Irradiation  of  Cp**Rh(pinacolate)  in  THF  solution  for  30 
min  under  reduced  pressure  using  a  27  5  watt  sunlamp  gave  a 
product  having  undergone  a  color  change.  After  the  solution 
was  evaporated  to  dryness,  the  residue  was  extracted  with 
hexane  and  filtered  to  give  a  crude  product  in  64  %  yield. 
The  1H  NMR  of  this  product  indicated  the  presence  of  two 
major  components,  10-8  and  10-10  in  a  ratio  of  33:67.   The 
product  10-10  was  characterized  by  the  1H  NMR,  13C  NMR  and  x- 
ray  crystallography. 
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Fig. 10-3.  The  photolysis  of  7-1  for  the  synthesis  of 
the  dimer (10-8  and  10-10) 
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The  1H  NMR  spectrum  of  10-10  shows  a  resonance  of  81.23 

for  the  tert-butyl  moiety  of  the  Cp**  ring  and  resonances  for 
the  two  ring  protons  at  5  5.12  and  8  5.58  in  addition  to  a 
single  peak  at  8  1.50  (Fig. 10-4),  which  was  identified  as  the 

methyl  peak  of  coordinated  pinacolate  by  a  single  x-ray 
crystal  structure. 

The  product  10-8  was  air  sensitive  and  characterized  by 
the  XH  NMR,  13C  NMR  and  MS/EI.  The  XH  NMR  spectrum  of  10-8 

showed  different  resonances  for  the  tert-butyl  moiety  and  two 
ring  protons  when  compared  to  10-10 .  In  C^Dq   the  tert-butyl 
protons  absorb  at  8  1.18  and  two  ring  protons  absorb  at  8  5.04 
and  8  5.22  (JRh_H  =0.91  Hz)  respectively  (Fig. 10-5).  The  13C 

resonances  for  the  tert-butyl  group  appear  at  positions 
(8  29.90,  830.82),  differing  slightly  from  those  found  for 

10-10 .  Three  peaks  were  observed  for  Cp**  ring  carbons  in  the 
13C  NMR  spectrum,  analogous  to  those  of  other  Cp**  complexes: 
878.80  (JRh-H=  5.57  Hz),  8  81.06  (JRh_H=  14.81  Hz),  and  8113.20 
(JRh_H=  9.53  Hz).  Each  ring  carbon  is  coupled  to  rhodium. 

Since  the  compound  of  10-8  was  very  air  sensitive,  there 
have  been  difficulties  in  obtaining  its  single  x-ray  crystal 
structure.  However,  the  MS/EI  exhibited  the  parent  ion  peak 
m/e  560,  which  supported  the  presence  of  the  dimer  of  10-8 . 
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Fig.  10-4.    1H  NMR  spectrum  of   10-8    in  C6D6 


11)1111)1,. UJM|I))HIIII, I), II 

|.l        II        l.l        •••   "• 


-i— i— j—i— i—n—r 


I  I  .  I   I 
i 


ii 


i  >*■ 


Fig. 10-5.    1H  NMR  spectrum  of    10-8    in  C6D6 
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X-ray  Crystallography 

An  x-ray  diffraction  study  was  performed  on  the  complex 
(Cp**RhCl) 2 (pinacolate)  (10-10)  .  Crystallization  from  hexane  gave 
small,  red-orange  colored  crystals  suitable  for  single  crystal  x- 
ray  diffraction.  Data  were  collected  at  room  temperature  on  a 
Siemens  R3m/V  dif f ractometer  equipped  with  a  graphite 
monochromator  utilizing  MoKoc  radiation  (A.  =  0.71073  A).  Forty 
reflections  with  20.0°  <  29  <  22.0°  were  used  to  refine  the  cell 
parameters.  Reflections (6459 )  were  collected  using  the  w-scan 
method.  Four  reflections  (023,  223,  113,  113)  were  measured  every 
96  reflections  to  monitor  instrument  and  crystal  stability 
(maximum  correction  on  I  was  <  0.99  %).   Absorption  corrections 
were  applied  based  on  measured  crystal  faces  using  SHELXTL  plus 
(Sheldrick) 31;  absorption  coefficient,  |X  =  14.34  cm~l(min.  and  max. 
transmission  factors  are  0.354  and  0.408,  respectively). 

The  structure  was  solved  by  the  heavy-atom  method  in 
SHELXTL  plus    (Scheldrick) 31  from  which  the  locations  of  the 
three  Rh  atoms  in  the  asymmetric  unit  were  obtained.  The 
asymmetric  unit  contains  one  dimer  in  a  general  position  and 
half  of  another  dimer  sitting  on  a  center  of  inversion.  The 
rest  of  the  nonhydrogen  atoms  were  obtained  from  a  subsequent 
difference  Fourier  map.   The  structure  was  refined  in  SHELXTL 
plus     using  full-matrix  least  squares.   The  non-H  atoms  were 
treated  anisotropically,  whereas  the  positions  of  the 
hydrogen  atoms  were  calculated  in  ideal  positions  and  their 
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isotropic  thermal  parameters  were  fixed.  Four  hundred  thirty 
three  parameters  were  refined  and  I  0)(  | Fo I  -  I Fc | ) 2  was 
minimized;  co=l/  «j|  Fo  I  ) 2 ,  o(  Fo)  =  0.5  kl  "1/2{[C(  I  )]2  + 

(0.02I)2  }1/2,    I (intensity) =  (  I  peak  -  Ibackground  ) (scan 
rate  ),  and  a  (I)    =    (  I  peak  +  I  background) 1/2  (scan  rate),  k 
is  the  correction  due  to  decay  and  Lp  effects,  0.02  is  a 
factor  used  to  down  weight  intense  reflections  and  to  account 
for  instrument  instability.   The  linear  absorption 
coefficient  was  calculated  from  values  from  the  International 
Tables   for  X-ray  Crystallography   32.  Scattering  factors  for 
non-hydrogen  atoms  were  taken  from  Cromer  and  Mann33  with 
anomalous-dispersion  corrections  from  Cromer  and  Liberman34, 
while  those  of  hydrogen  atoms  were  from  Stewart,  Davidson  and 
Simpson. 

Table  10-1.  Crystallographic  data  of  10-10 


A.  Crystal  data  (298  °K ) 

a,  A 

b,  A 

c,  A 
b,   deg 
v.   A3 

dcalc-  g  cm"3 (298  K) 

Empirical  formula 

Formula  wt ,  amu 

Crystal  system 

Space  group 

Z 

F(000),  electrons 


15.606(10) 
11.872(12) 
18.92(8) 
109.73  (4) 
3303  (4) 
1.362 

C32H5402Rh2 

676.57 

Monoclinic 

P  2i/c 

4 

1408 
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Table  10-1  continued 


B.  Data  collection  (298  °K ) 
Radiation,  X,  (A) 

Mode 

Scan  range 

Background 

Scan  rate,  deg.  min.-1 
26  range,  deg. 

Range  of  h  k  1 


Total  reflections  measured 

Unique  reflections 

Absorption  coeff.  |i  (Mo-K^)  ,  cm" 


Mo-Ka,  0.71069 

co-scan 

Symmetrically  over  1.2°  about 

Kotl ,  2  maximum 

offset  1.0  and  -1.0  in  go  from 

KCX1,2  maximum 

3-6 


3-45 

0   < 

h 

< 

16 

0   < 

k 

< 

12 

20   < 

1 

< 

20 

4738 

4294 

1.02 

C.      Structure      refinement 

S,    Goodness-of-f it 
Reflections  used,    I   >  2o(l) 

No.    of  variables 
R,    00R*    (%) 

Rint.    (%) 

Max.    shift/esd 


1. 

,62 

1225 

155 

8. 

.34, 

8.41 

6. 

.18 

0, 

.004 
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Table  10-1  continued. 


mi 
max 


n.  peak  in  diff.  Four,  map  (e  A  3)  -0.89 
peak  in  diff.  Four,  map  (e  A--5)   1.12 


*  Relevant  expressions  are  as  follows,  where  in  the  footnote  Fq 
and  Fc  represent,  respectively,  the  observed  and  calculated 
structure-factor  amplitudes. 
Function  minimized  was  w(|F0|  -  I Fc I ) 2 ,  where  (0=  (a(F))-2 

R  =  X(l IF0I  -  IFC| I)  /  IlF0l 

COR  =  [IC0(|Fol  -  lFc|)2  /I  |FQI2]1/2 

S  =  [Ico(lF0l  -  IFC|)2  /  (m-n)]1/2 


The  molecule  of  10-10  consists  of  two  [Cp**Rh]  units  and 
one  pinacolate  as  shown  in  Figure  10-6.  The  pinacolate  unit 
bridges  the  [Cp**Rh]  unit  in  such  a  way  that  each  of  the 

oxygen  atoms  is  bound  to  both  Rh  atoms.  The  Rh-Rh  single 

o 

metal-metal  bond  was  observed  (2.532  A)  which  is  shorter  than 

Rh-Rh  bond  (3.672  A)  of  rCp**RhCl9l  o  (3-2 )  . 

The  rhodium  atom  may  be  regarded  as  in  an  oxidation 
state  of  +2  (d7  configuration) .  It  achieves  the  expected 
noble  gas  configuration  by  the  donation  of  six  electrons 
from  a  [T|5-Cp**~]  anion  and  two  electrons  from  each  oxygen 

(01,  02)  of  the  pinacolate  unit.  Each  oxygen  atom  is  nearly 

symmetrically  bound  to  the  rhodium  center  with  a  Rh-O(l) 

o  o 

distance  of  2.03 (2)  A,  and  a  Rh'-O(l)  distance  of  2.03  (2) A. 

o 

The  distance  of  Rh-0 (2 )  [2 . 09 (2)  A]  is  the  same  as  Rh'- 

o 

0(2)  [2.09 (2)  A]  .  Angles  between  rhodiums  are  Rh-Ol-Rh'  = 

77. 2°  (8)  and  Rh-02-Rh' =74 . 6° (8) .  Angles  between  oxygen  are 
Ol-Rh-02  =72.30°(10)  and  01-Rh'-02  =72.2°(10). 
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Fig. 10-6.  Molecular  structure  of  10-10 
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Each  [Cp**Rh]  units  has  different  rhodium- carbon  bond 
distances.  The  Rh-C  distances  of  the  [Cp**Rh]  unit  range  from 

Rh-C(4)=2.17  (3) A  to  Rh-C (2) =2. 03 (4)  A,  the  average  value 

o 

being  2. 13 A.   The  Rh-C  distances  of  [Cp'**Rh']  unit  range 

from  Rh'-C  (2' ) =2.25  (4) A  to  Rh' -C '  (3 ' ) =2 . 19 (3)  A,  the  average 

o 

value  being  2. 22 A. 

Carbon-carbon  distances  within  the  carbocyclic  ring  of 
the  [Cp**Rh]  unit  are  similar  to  those  of  the  [Cp'**Rh'] 
unit.  The  C-C  distance  of  [Cp**Rh]  unit  range  from 
C(l)-C(5)=1.48(6)  A  to  C(2)-C(3)=1.30(6)  A,  averaging  1.41A. 
The  C-C  distance  of  [Cp'**Rh']  unit  range  from 

C  (l)-C'  (5)=1.48(5)A  to  C  (l)-C'  (2)=1.31(6)  A,  averaging 

o 

1.42 A.  They  could  be  compared  to  the  accepted  C-C  (7t- 

o 

cyclopentadienyl)  distance  of  approximately  1.43 A." 

C (ring) -tert-butyl  bond  distances  are  slightly  different 

in  [Cp**Rh]  unit:  C(6)-C(2)  is  1.62(6)A  and  C(10)-C(5)  is 

o 

1.49 (5)  A.  This  difference  is  not  significant  because  it 

constitutes  a  value  of  less  than  3o  of  each  bond.  In 

contrast,  C (ring) -tert-butyl  bond  distances  appear  to  be 

o 

similar  in  [Cp'**Rh']  unit:  distance  C'(6)-C'(2)  is  1.52(6) A 

and  C  (10)-C  (5)  is  1.54(6)  A. 
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Table  10-2.  Fractional  coordinates  and  equivalent  isotropic3 

thermal  parameters  (A^)  for  the  non-H  atoms  of  the  compound 
10-10. 

Atom x y. z U. >. 

Rhl  0.33663(2)  1.30173(4)  0.13564(2)  0.0410(2) 

Rh2  0.28814(2)  1.39272(4)  0.233390(10)   0.0362(2) 

Rh3  0.44743(3)  1.00198(5)  -0.04446(2)  0.0514(2) 

Cll  0.27728(9)  1.23500(14)  0.18924(5)  0.0536(8) 

C12  0.36756(8)  1.4361(2)  0.18886(5)  0.0473(6) 

C13  0.45494(11)  0.9238(3)  0.02335(6)  0.1094(13) 

Clll  0.41605(10)  1.1850(2)  0.15710(6)  0.0686(8) 

C121  0.22173(8)  1.49683(14)  0.18809(5)  0.0488(6) 

C131  0.4011(2)  1.1602(2)  -0.02039(9)  0.1210(15) 

CI  0.2906(3)  1.2343(6)  0.0828(2)  0.046(3) 

C2  0.3478(3)  1.2757(6)  0.0730(2)  0.044(3) 

C3  0.3532(3)  1.3900(6)  0.0817(2)  0.044(3) 

C4  0.2959(3)  1.4210(6)  0.0961(2)  0.048(3) 

C5  0.2596(3)  1.3293(6)  0.0965(2)  0.050(3) 

C6  0.2669(3)  1.1204(6)  0.0750(2)  0.054(3) 

C7  0.4043(3)  1.4631(7)  0.0729(2)  0.058(3) 

C8  0.2155(5)  1.0959(8)  0.0999(3)  0.113(5) 

C9  0.3157(4)  1.0353(7)  0.0813(3)  0.086(4) 

C10  0.2434(4)  1.1170(7)  0.0305(2)  0.078(4) 

Cll  0.4062(5)  1.4731(9)  0.0282(3)  0.112(6) 

C12  0.3958(5)  1.5781(8)  0.0895(3)  0.118(6) 

C13  0.4614(4)  1.4181(10)  0.0900(4)  0.143(5) 

C21  0.2380(3)  1.3609(5)  0.2848(2)  0.038(2) 

C22  0.2907(3)  1.2942(6)  0.2867(2)  0.038(2) 

C23  0.3420(3)  1.3611(6)  0.2885(2)  0.042(3) 

C24  0.3210(4)  1.4724(6)  0.2873(2)  0.052(3) 

C25  0.2595(4)  1.4738(6)  0.2857(2)  0.050(3) 

C26  0.1749(3)  1.3235(6)  0.2875(2)  0.048(3) 

C27  0.4060(3)  1.3212(7)  0.2954(2)  0.057(3) 

C28  0.1709(4)  1.2794(7)  0.3310(2)  0.070(3) 

C29  0.1599(3)  1.2312(7)  0.2577(3)  0.070(3) 

C30  0.1315(3)  1.4188(7)  0.2804(3)  0.074(3) 
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Table 

10-3. 

Bond  lengt 

hs  (A)  and  a: 

1 

2 

3 

1-2 

01 

Rh 

02 

2.03(2) 

02 

Rh 

2.09(2) 

CI 

Rh 

2.16(3) 

CI 

Rh 

2.03(4) 

C3 

Rh 

2.16(5) 

C4 

Rh 

2.17(3) 

C5 

Rh 

2.14(3) 

01 

Rh* 

02 

2.03(2) 

02 

Rh" 

2.09(2) 

cr 

Rh' 

2.24(4) 

C2* 

Rh' 

2.25(4) 

C3' 

Rh* 

2.19(3) 

C4' 

Rh' 

2.23(3) 

C5" 

Rh1 

2.21(3) 

C14 

01 

Rh 

1.53(3) 

C14 

01 

Rh' 

Rh 

01 

Rh' 

C17 

02 

Rh 

1.52(4) 

C17 

02 

Rh" 

Rh 

02 

Rh' 

C2 

CI 

C5 

1.38(5) 

C5 

CI 

1.48(6) 

C3 

C2 

C6 

1.30(6) 

C3 

C2 

CI 

C6 

C2 

1.62(6) 

C6 

C2 

CI 

C4 

C3 

1.39(6) 

C4 

C3 

C2 

C5 

C4 

1.48(4) 

C5 

C4 

C3 

CIO 

C5 

1.49(5) 

CIO 

C5 

CI 

CIO 

C5 

C4 

CI 

C5 

C4 

C7 

C6 

C8 

1.50(5) 

C7 

C6 

C9 

C7 

C6 

C2 

C8 

C6 

C9 

1.66(5) 

C8 

C6 

C2 

C9 

C6 

C2 

1.46(6) 

Cll 

CIO 

C12 

1.63(5) 

Cll 

CIO 

C13 

Cll 

CIO 

C5 

C12 

CIO 

C13 

1.56(5) 

C12 

CIO 

C5 

C13 

CIO 

C5 

1.49(6) 

C2* 

cr 

C5' 

1.31(6) 

C5' 

cr 

1.48(5) 

1-2-3 
72.3(10) 


72.2(10) 


112.(2) 
111.(2) 

77.2(8) 
106.(2) 
107.(2) 

74.6(8) 
108.(3) 

127.(4) 
106.(4) 

119.(3) 

116.(4) 

103.(3) 

134.(3) 
121.(3) 
104.(3) 
105.(3) 
114.(3) 
109.(3) 
116.(3) 
98.(3) 
112.(3) 
103.(3) 
108.(2) 
104.(3) 
113.(3) 
112.(3) 
115.(3) 
112.(3) 
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Table   10-3   continued 

i_    ^2—    —a 


C3' 

C3' 

C6' 

C4' 

C5' 

CIO' 

CIO' 

cr 

C7" 
C7' 
C7' 
C8' 
C8' 
C9' 

cir 
or 
cir 

C12' 

C12' 

C13" 

C14 

C17 

C15 

C15 

C15 

C16 

C16 

C17 

C18 

C18 

02 


1-2 


1-2-3 


C2' 

C6' 

1.45(5) 

121.(3) 

C2' 

cr 

107.(3) 

C2' 

cr 

1.52(6) 

131.(3) 

C3' 

C2' 

1.39(6) 

110.(3) 

C4' 

C3* 

1.45(5) 

108.(3) 

C5' 

cr 

1.54(6) 

127.(3) 

C5' 

C41 

128.(3) 

C5' 

C4' 

104.(3) 

C6" 

C8' 

1.56(5) 

107.(3) 

C6' 

C9' 

113.(3) 

C6' 

C2' 

108.(3) 

C6' 

C9' 

1.60(5) 

108.(4) 

C6' 

CI 

103.(3) 

C6' 

CI 

1.47(7) 

116.(3) 

CIO' 

C12' 

1.55(4) 

108.(3) 

CIO* 

C13' 

110.(3) 

CIO' 

C5* 

106.(3) 

CIO* 

C13' 

1.44(5) 

109.(3) 

CIO' 

C5* 

117.(3) 

CIO" 

C5' 

1.46(6) 

107.(3) 

01 

Rh 

1.53(3) 

112.(2) 

02 

Rh 

1.52(4) 

106.(2) 

C14 

C16 

1.46(5) 

108.(3) 

C14 

C17 

119.(3) 

C14 

01 

104.(3) 

C14 

C17 

1.47(5) 

114.(3) 

C14 

01 

107.(2) 

C14 

01 

1.53(6) 

102.(2) 

C17 

02 

1.59(5) 

102.(3) 

C17 

C14 

112.(3) 

C17 

C14 

112.(2) 

Table   10-4.    Fractional   coordinates   and   isotropic 
thermal   parameters    (A2)    for   the  H  atoms   of   the   compound 
10-10 


Atom 

X 

V 

z 

u 

HI 

.10357 

.35698 

.01637 

.08 

H3 

.248(3) 

.469(4) 

.216(2) 

.0 

H4 

.35612 

.48943 

.14473 

.08 

H7a 

.0538 

.20447 

.    .11373 

.08 

H7b 

-.0052 

.29391 

.05715 

.08 

H7c 

-.03241 

.256310 

.126070 

.08 

H8a 

.07856 

.29478 

.26251 

.08 

H8b 

.1681 

.36131 

.27052 

.08 

H8c 

.15386 

.23993 

.23598 

.08 

H9a 

.06753 

.52559 

.18236 

.08 

H9b 

-.02303 

.45866 

.16958 

.08 

H9c 

.00418 

.49626 

.10066 

.08 
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Table  10-4  continued 
Atom 2£ 


H16c 

.50861 

H18a 

.4697 

H18b 

.37109 

H18c 

.38863 

H19a 

.46601 

H19b 

.38087 

H19c 

.36921 

HI  la 

.23184 

HI  lb 

.1519 

Hllc 

.22686 

H12a 

.41608 

HI  2b 

.38942 

H12c 

.38091 

H13a 

.28056 

H13b 

.28975 

H13c 

.19438 

HI* 

.28727 

H3* 

.07103 

H4' 

.14377 

H7'a 

.20268 

H7'b 

.27563 

H7'c 

.23083 

H8*a 

.03448 

H8'b 

.07961 

H8'c 

.01321 

H9'a 

.16174 

H9'b  - 

.08957 

H9'c 

.06411 

HI  la 

.2022 

Hllb 

.24048 

Hllc 

.29225 

H12a 

.37617 

H12b 

.4297 

H12c 

.42749 

H13a 

.28452 

H13b 

.3726 

H13c 

.3748 

H15a 

.55374. 

H15b 

.47164 

H15c 

.52704 

H16a 

.45063 

H16b 

.54342 

X 

.05597 
.24198 

.14047 
.33439 

.22802 

.33733 

.30939 
.01731 

.27846 
.31518 

-.03282 

.25266 

.02763 

.32245 

.36366 

-.12319 

.37062 

-.0908 

.27753 

-.06197 

.4439 

.03949 

.40473 

-.04425 

.32096 

.01701 

.56306 

-.08555 

.60842 

-.00557 

.57101 

-.061 

-.17135 

.09586 

.0381 

.04365 

.07263 

-.05392 

-.23345 

.24753 

-.16267 

.22688 

-.26792 

.1785 

-.24114 

.14799 

-.26894 

.0876 

-.1662 

.07594 

.00552 

.22271 

■.07943 

.23226 

.0003 

.1622 

.08018 

-.1364 

•.1968 

-.10083 

.12756 

-.14432 

.20204 

.00778 

.09235 

.04254 

.13401 

-.03662 

.09373 

-.07796 

.0438 

-.0881 

.08546 

-.00894 

.24045  . 

.24845 

.31632 

.20248 

.24924 

.16104 

.01437 

.17801 

.03864 

.22769 

_LL 


.08 
.08 
.08 
.08 
.08 
.08 
.08 

.08 
.08 
.08 
.08 
.08 
.08 
.08 
.08 
.08 
.08 
.08 
.08 
.08 
.08 
.08 
.08 
.08 
.08 
.08 
.08 
.08 
.08 
.08 
.08 
.08 
.08 
.08 
.08 
.08 
.08 
.08 
.08 
.08 
.08 
.08 


CHAPTER  11 
EXPERIMENTAL 


Instrumentation  and  Reagents 

Proton  and  carbon  NMR  spectra  were  recorded  on  either  a 
Varian  VXR-300  or  a  General  Electric  QE-300  spectrometer.  All 
chemicals  were  reagent  grade  and  purchased  from  various 
suppliers.  Mass  spectra  were  obtained  at  70eV  nominal  electron 
energy  with  Finnigan  MAT  95  Q  spectrometer.  X-ray  crystallography 
was  performed  with  a  Siemens  P3M/V  single  crystal  x-ray 
dif f ractometer .  Elemental  analyses  were  done  using  a  Carlo  Erba 
MDL  1106  by  the  University  of  Florida  Chemistry  Department.  A  275 
watt  sunlamp  was  used  for  the  photolysis.  Rhodium  trichloride 
(41.8%  hydrate  was  obtained  from  Engelhard  Co.  Dicyclopentadiene 
was  obtained  from  Aldrich  Chemical  Co.  Chloro (cycloocta-1, 5- 
diene) rhodium (I)  dimer  was  obtained  from  Johnson  Matthey 
Chemicals  Limited.  Some  of  the  rhodium (I)  and  rhodium (III) 
complexes  described  here  are  air-stable  and  can  be  handled  in  air 
once  the  reaction  mixtures  have  been  properly  quenched.  All 
deuterated  solvents  were  purchased  from  Aldrich  Chemical  Co.  Air- 
sensitive  compounds  were  handled  under  nitrogen  using  modified 
Schlenk  techniques.  Aliphatic  and  aromatic  hydrocarbon  solvents 
were  distilled  from  a  purple  sodium  benzophenone  ketyl  solution. 
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Synthesis  of  tert-Butylcyclopentadiene (2-6 ) 24 

A  solution  of  ethyl  bromide  (60  g,  0.55  mol)  in  50  mL 
diethyl  ether  was  added  to  a  stirred  suspension  of  magnesium 
turnings (12  g,  0.50  mol)  and  diethyl  ether  (150  mL)  during  30 
min  at  0°C.  It  reacted  very  vigorously.  After  stirring  for  2 
hr  at  0°C,  fresh  distilled  cyclopentadiene  (30  g,  0.45  mol) 
was  added  dropwise  and  stirred  for  a  further  9  hr  at  25°C. 
After  addition  of  tert-butylchloride  (51  g,  0.55  mol) 
dropwise,  the  mixture  was  stirred  at  0°C  for  6  hr  and  then 
poured  into  a  solution  of  cold(0°C)  30%  aqueous  ammonium 
chloride.  The  ether  layer  was  separated,  washed  with  water, 
and  then  dried  with  sodium  sulfate.  After  removal  of  ether, 
the  residue  was  distilled  under  reduced  pressure.  tert- 
Butylcyclopentadiene  was  collected  (39  g,  62  %),  b.p  45°C/28 
mmHg.24  It  was  stored  at  2°C  for  several  weeks  without  any 
appreciable  dimerization  occurring,  which  could  be  recognized 
by  XH  NMR  spectra.24  XH  NMR  (CDCI3,  22  °C,  8):  tert-butyl  1.09 
(m,  9  H) ,  C5H5  2.87  (s,  2  H) ,  6.05  (s,  1  H) ,  6.10  (s,  1H)  , 
6.18  (s,  1H) . 
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Synthesis  of  Di-tert-butylcyclopentadiene 
(Cp**H)  (2-7.2-8)25a 


A  solution  of  ethyl  bromide  (33.8  g,  0.34  mol)   diethyl 
ether  (30  mL)  was  added  to  a  stirred  suspension  of  magnesium 
turnings  (7.44  g,  0.31  mol)  and  diethyl  ether  (120  mL)  during 
30  min  at  0°  C.  The  reaction  mixture  was  then  stirred  for  2  hr 
at  0°C.  tert-Butylcyclopentadiene  (39  g,  0.31  mol)  was  added 
dropwise  and  the  mixture  was  stirred  for  an  additional  9  hr 
under  reflux.  tert-Butyl  chloride  (35.2  g,  0.38  mol)  was 
added  dropwise  and  the  mixture  was  refluxed  with  stirring  for 
6  hr .  The  resulting  reaction  mixture  was  hydrolyzed  with 
cold,  aqueous  ammonium  chloride.  The  ether  layer  was 
separated,  washed  with  water  and  dried.  After  evaporation  of 
the  ether,  the  residue  was  distilled  under  reduced  pressure. 
A  mixture  of  1,3  (2-8)  and  2 , 4-di-tert-butylcyclopentadiene 

(2-7 )  was  collected  (28  g,  51%)  in  a  ratio  of  70:30,  b.p  65- 
80°C/15  mmHg.25a  XH  NMR  (CDCI3,  22  °C,  8)  of  2^:  tert-butyl 
1.15  (m,  18  H) ,  C5H4  2.93  (d,  2H) ,  6.02  (s,  2  H) .  13C  NMR 

(CDCI3,  22°C,  8  )  of  2^1:    tert-butyl  29.39  (s),  31.06  (s) , 
C5H4,  121.01  (s),  133.83  (s),  158.10(s).  iH  NMR  (CDCI3,  22  °C, 
8)  of  Zz3.:    tert-butyl  1.16  (m,  9  H)  ,  1.17  (m,  9  H)  ,  C5H4  2.90 

(d,  2  H) ,  5.78  (s,  1  H) ,  6.20  (s,  1  H) .  13C  NMR  (CDCI3,  22°C, 
8  )  of  2^&:  tert-butyl  29.70  (s) ,  30.95  (s) ,  C5H4,  156.46(s), 
123.00  (s) ,  123.80  (s),  156.46  (s),  159.62  (s) .  MS(70eV):  m/e 
178  (M+,  38),  163  (M+-Me,  28),  121  (M+-tert-butyl,  6), 
107  (100),  57  (M+-tert-butyl,  62). 
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Preparation  of  Rhodium (III) Chloride  30 

Hydrated  rhodium (III) chloride  (5.00g,  10  mmol)  was 
placed  in  a  Schlenk  tube  equipped  with  gas  inlet.  It  was 
heated  to  200°C  in  an  oil  bath  for  3  hr  under  a  flow  of  dry 
HCl  gas.  Then  the  dehydrated  RhCl3  was  flushed  by  nitrogen 
gas  for  an  hour  and  dried  under  vacuum:  yield  2.1g(42%). 


Synthesis  of  1 . 3-Di-tert-butylcyclopentadienyl 
rhodium  Dichloride  Dimer  rCp**RhClol ? (3-2 ) 


Di-tert-butylcyclopentadiene  (4.0  mmol,  0.71  g)  was 
placed  in  a  Schlenk  tube  equipped  with  a  reflux  condenser.  It 
was  dissolved  in  15  mL  of  THF  and  cooled  to  0°C.  n-BuLi  (1.7 
mL  of  2.25  M  solution  in  pentane,  3.8  mmol)  was  added 
dropwise  to  the  mixture,  which  was  then  stirred  for  5  hr. 
Rhodium  trichloride  (0.71  g,  3.4  mmol)  was  added  and  the 
solution  was  heated  to  reflux  under  nitrogen  flow  for  24  hr. 
After  removal  of  solvent  under  vacuum,  the  purple  residue  was 
extracted  with  chloroform.  The  filtered  chloroform  solution 
was  concentrated  and  a  red-orange  solid  was  precipitated  by 
addition  of  cold  pentane:  yield  0.78  g  (65%),  m.p  225-226°C, 
1H  NMR  (CDCI3,  22°C,  8  ):  tert-butyl  1.36  (s,  18  H)  ,  C5H3  5.37 
(s,  1  H)  ,  5.67  (s,  2  H)  ,  XH  NMR  (C6D6,  22°C,  5  ):  tert-butyl 
1.19  (s,  18  H)  ,  C5H3  5.13  (s,  1  H)  ,  5.33  (s,  2  H)  .  13C  NMR 
(CDCI3,  22°C,  8  ):  tert-butyl  30.08  (s) ,  31.37  (s),  C5H3  81.24 
(d,  JRh-c  =30.06  Hz),  82.36  (d,  JRh-c  =39.6  Hz),  108.75 
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(d,  JRh-c  =3.38  Hz).  MS(70  eV) :  m/e  701.9,  630  (M+-2C1,  100), 
350.9  (M+/2,  1),  315  (  M+/2-C1.  3.6),  278  (M+/2-2HC1,  4.8). 
Anal,  calcd.  for  C26H42Rh2Cl4  :  C,  44.06  ;  H,  5.98   Found:  C, 
43.98  ;  H,  5.99. 

Reaction  of  rCo^RhCl?^3"2 )  with  Triphenvlohosohine 

A   solution  of  [Cp**RhCl2l2  (0.13  g,  0.18  mmol)  and 
triphenylphosphine  (0.1  g,  0.38  mmol)  in  THF  (10  mL)  was 
stirred  at  room  temperature  for  6  hr  to  give  a  red-orange 
solution.  After  removal  of  solvent  under  vacuum,  the  residue 
was  recrystallized  from  chloroform  and  pentane  to  give 
Cp**Rh(PPh3)Cl2  (4ji3)  as  an  orange  solid:  yield  0.21  g  (89  %), 
m.p:  248-249°C,  XH  NMR  (CDC13,  22°C,  5  ):  tert-butyl  1.23  (s, 
18  H),  C5H3  4.06  (s,  2  H) ,  5.54  (d,  JP-H  =  8.31  Hz,  1  H) ,  PPh3 
7.37  (m,  JP_H  =  9.96  Hz,  9  H) ,  7.92  (m,  JP-H  =  16.80  Hz ,  6  H)  . 
XH  NMR  (C6D6,  22°C,  5  ):  tert-butyl  1.18  (s,  18  H)  ,  C5H3  3.70 
(s,  2  H) ,  5.42  (d,  Jp-h  =  9.84  Hz,  1  H) ,  PPh3  6.98  (d,  JP-H  = 
6.70  Hz,  9  H) ,  8.12  (d,  JP-H  =  17.70  Hz,  6  H) .  31P  NMR(C6D6) 
26.22(d,  JRh-P  =  141.88Hz).  13C  NMR  (CDCI3,  22°C,  8  ):  tert- 
butyl  29.37  (s),  33.22  (s),  C5H3  74.3  (d,  JRh-c  =  8.40  Hz), 
77.80,  78.05  (dd,  JRh-c  =  4.04  Hz,  JRh-c  =  4.06  Hz),  131.89 
(JRh-c  =  5.28  Hz),  PPh3  127.96  (d,  JP-c=  10.40  Hz),  130.44  (d, 
JP_c  =  2.56  Hz),  134.38  (d,  JP-C  =  9.41  Hz).  13C  NMR  (C6D6, 
22°C,  5  ):  tert-butyl  29.47  (s) ,  33.28  (s) ,  C5H3  74.26  (d, 
JRh-c  =  7.50  Hz),  76.90  (d,  JRh-c  =  7.51  Hz),  PPh3  130.40  (d, 
JP_c  =  2.48  Hz),  135.04  (d,  JP_C  =  9.44  Hz),  134.38  (d,  JP-c= 
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9.41  Hz).  MS(70eV):  m/e  612.9,  350(M+-PPh3/  6),  278  (M+-PPh3- 
2HC1,  60),  262  (PPh3,  100),  183(PPh2,  88).  Anal,  calcd.  for 
C3iH36RhCl2P:  C,  60.69  ;  H,  5.87,  Found  :  C,  58.80,  ;  H,  5.88. 

Reaction  of  rCp**RhCl2l2  with  Trimethvlohosohine 

[Cp**RhCl2]2  (0.20  g,  0.28  mmol)  was  dissolved  in  THF 
(15  mL)  in  a  30  mL  Schlenk  tube  under  argon. 

Trimethylphosphine  (0.8  ml  of  0.77  M  solution,  0.62  mmol)  was 
added  with  a  syringe  at  room  temperature.  After  the  mixture 
had  been  stirred  for  12  hr  at  room  temperature,  the  solvent 
was  removed  under  vacuum.  The  residue  was  recrystallized  from 
chloroform  and  pentane  to  give  Cp**Rh (PMe3 )C12  iA=Z)    as  an 

orange  solid:  yield  0.15  g  (62  %) ,  m.p. 235-2360C,  *H  NMR 
(CDCI3,  22°C,  8  ):  tert-butyl  1.33  (s,  18  H) ,  C5H3  4.59  (d, 
Jp_H  =  1.47  Hz,  2  H) ,  5.56  (d,  JP-H  =  7.08  Hz,  1  H) ,  P(CH3)3 
1.75  (d,  JMe-P  =  12.21  Hz,  9  H)  ,  13c  NMR  (CDCI3,  22°  C,  5): 
tert-butyl  29.79  (s) ,  30.66  (s) ,  C5H3  71.20  (d,  JRh-c  =  8.41 
Hz),  82.80  (d,  JRh-c  =  20.25  Hz),  129.21  (d,  JRh-c  =  9.25  Hz), 
P(CH3)3  17.36  (d,  Jp_c  =  34.37  Hz).  MS(70eV):  m/e  426.9 
(M+,  1),  391(  M+-C1,  6),  315(  M+-PPh3-Cl,  9),  278(  M+-PPh2- 
2HC1,  13) . 
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Reaction  of  rcp**RhCl2l2  with  Silver  Acetate 

A  suspension  of  [Cp**RhCl2]2  (0.025  g,  0.035  mmol)  and 
silver  acetate  (0.0025  g,  0.15  mmol)  in  10  mL  of  THF  was 
stirred  for  2  hr .  After  filtration  of  the  mixture  and  removal 
of  the  solvent,  the  residue  was  recrystallized  from  CH2CI2  and 
pentane  to  give  Cp**Rh(Ac) 0  (4-4)  as  an  yellow-orange  solid: 
yield  0.024  g  (86  %),  m.p:  170-171  °C,  XH  NMR  (CDC13,  22°C, 
8):  tert-butyl  1.37  (s,  18  H) ,  C5H3  5.24  (s,  1  H) ,   5.67 
(s,  2  H) ,  CH3CO  2.02  (s,  6  H) ,  13C  NMR(CDCl3,  22°C,  5  ):  tert- 
butyl  29.00  (s),  31.08  (s),  C5H3  69.4  (d,  JRh-c  =  8.12  Hz), 
73.9  (d,  JRh-c  =  9-23  Hz),  113.27  (d,  JRh-c  =  9.51  Hz),  CH3CO 
38.4  (s),  183.80(s). 

Reaction  of  rcp^RhClol?  with  Silver  Nitrate 

A  suspension  of  [Cp**RhCl2]2  (0.018  g,  0.026  mmol)  and 
silver  nitrate  (0.018  g,  0.105  mmol)  in  10  mL  of  THF  was 
stirred  for  1.5  hr.  The  solution  was  filtered  and  the  solvent 
was  removed  under  vacuum.  The  residue  was  recrystallized  from 
CHCI3  and  ether  to  give  the  product  Cp**Rh(NCh) 2 (4-5) :  yield 
0.016  g  (80  %),  m.p.  110-112°C,  1HNMR(CDC13,  22°C,  8  ):  tert- 
butyl  1.40  (s,  18  H) ,  C5H3  5.46  (s,  1  H) ,  5.64  (s,  2  H)  ,  13C 
NMR  (CDCI3,  22  C,  8):  tert-butyl  31.27  (s) ,  29.19 (s) ,  C5H3 
68.14  (d,  Jrh-c  =  V.32  Hz),  69.81  (d,  JRh-c  =  8.33  Hz),  116.42 
(d,  JRh_c  =  9.01  Hz) . 
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Synthesis  of  Cp**Rh(L)  (L=cycloocta-l , 5-diene) (6-4 ) 

n-BuLi  (1.68  mL  of  a  2.25  M  solution  in  pentane,  3.8 
mmol)  was  added  with  stirring  to  Cp**H  (0.74  g,  4.1  mmol)  in 
15  mL  of  THF.  The  mixture  was  cooled  down  to  0°C  and  stirred 
for  5  hr.  Then  chloro (cycloocta-1, 5-diene) rhodium(I)  dimer 
(1.56  g,  1.7  mmol)  was  added,  and  the  solution  was  refluxed 
under  nitrogen  with  stirring  for  8  hr.  After  evaporation  of 
the  solvent  in  vacuum,  the  residue  was  dissolved  in  5  mL  of 
CHCI3  and  filtered.  After  the  CHCI3  solution  was  reduced  to 
0.5  mL,  5  mL  pentane  was  added.  The  resulting  solution  was 
chromatographed  on  AI2O3  and  pentane  was  used  to  separate  the 
following  compounds  in  order  of  elution.  Cp**H(0.03  g,  5  %) , 
tert-butylcyclopentdienyl  rhodium(I)  complex,  Cp*Rh (L) (6-6) 
(0.07  g,  6%)  and  di-tert-butylcyclopentadienylrhodium 
complex,  Cp**Rh(L)  (L=  cycloocta-1 , 5-diene)  (f^)  (0.94  g,  72 
%):  l-H  NMR  (CDCI3,  22°C,  6  )  of  jLJi  :  tert-butyl  1.25  (s, 
18  H) ,  C5H3  4.68  (s,  1  H) ,  4.69  (s,  2  H) ,  C8Hi2  1.89  (d, 
jRh-H  =  8.31  Hz,  4  H) ,  2.19  (m,  JRh_H  =  9.76Hz,  4  H) ,  3.87  (d, 
jRh-H  =  0.23  Hz,  4  H) ,  13C  NMR  (CDCI3,  22°C,  5  )  of  6-5:  tert- 
butyl  32.24(s),  32.51(s),  C5H3  80.98  (d,  JRh-c  =  4.14  Hz), 
81.52  (d,  JRh-c  =  3.51  Hz),  119.25  (d,  JRh-c  -  4.20  Hz),  C8Hi2 
32.51  (s),  62.58  (d,  JRh-c  =  13.97  Hz),  LH  NMR  (CDC13,  22°C,  5 
)  of  6-6  :  tert-butyl  1.25  (s,  18H) ,  C5H3  4.83  (t,  JRh-H  = 
1.95  Hz,  2  H) ,  5.05  (t,  JRh-H  =  1-08  Hz  ,2  H) ,  C8Hi2  1.89  (d, 
JRh-H  =  8.37  Hz,  4  H)  ,  2.17  (m,  JRh-H  =  6-36  Hz,  4  H)  ,  3.91 
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(d,  JRh-H  -  0.23  Hz,  4  H)  ,  13C  NMR  (CDCl3,  22°C,  5  )  of  £^5_: 
tert-butyl  32.07  (s) ,  32.71  (s) ,  C5H3  62.44  (d,  JRh-c  =  3.96 
Hz),  81.52  (d,  JRh-c  =  6.38  Hz),  C8Hi2  32.44(s),  62.40 
(d,  JRh-c  =  13.88  Hz).  MS(70eV)  of  £^5_:  m/e  388,  332[M+- 
(tert-butyl) ,  100],  275  [M+-2 (tert-butyl ) ,  82],  273 
[M+-2 (tert-butyl) -2H,  63],  Anal,  calcd.  for  C2iH33Rh:  C, 

61.50  ;  H,  7.50,  Found:  C,  61.51  ;  H,  7.98. 

Preparation  of  Potassium  Pinacolate 

Potassium  hydride  (50%  in  hydrocarbon  oil)  was  washed 
three  times  with  dry  pentane  and  dried  in  vacuum.  A  30  mL 
Schlenk  flask  was  charged  with  potassium  hydride  (0.84  g,  21 
mmol)  suspended  in  15  mL  of  THF.  The  suspension  was  cooled  to 
0°C  and  pinacole  (1.18  g,  10  mmol)  was  added  .  After  stirring 
for  5  hr,  the  solvent  was  evaporated  under  vacuum  and  the 
white  solid  was  washed  with  pentane:  yield  1.76  g  (91%) 


Synthesis  of  1 . 3-Di-tertbutylcyclopentadienyl 
rhodium(III)  Pinacolate   [Co**Rh (pinacolate) 1 (7-1) 


A  30  mL  Schlenk  flask  was  charged  with  excess  potassium 
pinacolate  (1.05  g,  5.7  mmol)  suspended  in  15  mL  of  THF.  The 
suspended  solution  was  cooled  to  -78°C  and  [Cp**RhCl2]  2  (2^2) 
(1.00  g,  1.42  mmol)  was  added.  The  Schlenk  tube  was  wrapped 
with  aluminum  foil  to  protect  the  solution  from  light.  After 
being  stirred  for  4  hr  at  room  temperature,  the  mixture  began 
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to  turn  violet  color  and  then  the  solvent  was  removed  under 
vacuum.  The  residue  was  extracted  with  CH2CI2  and  filtered. 
The  filtrate  was  concentrated  and  precipitated  by  the 
addition  of  cold  pentane,  leading  to  a  violet  precipitate 
Cp**Rh (pinacolate) ]  (7^1)  :  yield  0.94  g  (83  %)  ,  m.p. 229-230°C, 
!h  NMR  (CDCI3,  22°C,  8  ):  tert-butyl  1.39  (s,  18  H)  ,  C5H3  4.78 

(S,  1  H)  ,  5.10  (S,  2  H)  ,  CH3  1.05  (S,  12  H)  ,  !h  NMR  (C6D6, 
22°C,  8  ):  tert-butyl  1.18  (s,  18  H) ,  C5H3  4.51  (s,  1  H) ,  4.57 

(s,  2  H) ,  CH3  (pinacolate)  1.39  (s,  12  H) ,  13C  NMR  (CDCI3, 
22°  C,  8  ):  tert-butyl  29.74  (s),  30.6  (s),  C5H3  72.75 

(d,  JRh-c  =  8.40  Hz),  84.89  (d,  JRh-c  =  4.04  Hz),  111.56 
(d,  JRh-c  =  10.07  Hz),  CH3 (pinacolate)  27.0(s).  13C  NMR  (C6D6/ 
22°C,  8):  tert-butyl  29.65  (s) ,  C5H3  72.42  (d,  JRh-c  =  6.23 
Hz),  75.47  (d,  JRh-c  =  7.90  Hz),  109.89  (d,  JRh-c  =  9.91  Hz), 
CH3 (pinacolate)  28.12(s).  MS(70eV):  m/e  396,  338  (M+-acetone, 
32),  280(M+-2  acetone,  100).  Anal,  calcd.  for  CigH3302Rh  :  C, 
57.6  ;  H,  8.3.  Found:  C,  56.3  ;  H,  8.2. 

Photolysis  of  a  Solution  of  Cp**Rh (pinacolate)  and  CHtI 

A  THF(lOmL)  solution  of  Cp**Rh (pinacolate) (7^1) 
(0.020  g,  0.05  mmol)  and  excess  CH3I  (0.070  g,  0.5  mmol)  was 
photolyzed  at  25  °C  for  2  hr  to  give  a  dark  green  solution. 
After  removal  of  solvent  under  vacuum,  the  residue  was 
recrystallized  from  CHCl3/pentane  to  yield  rcp**Rhl2l 2 (8-7) : 
0.023  g  (86%),  1H  NMR  (CDCI3,  22  °C,  8  ):  tert-butyl  1.38  (s, 
18  H) ,  C5H3  5.54  (d,  Jp-h  =  6.24  Hz,  1  H) ,  4.14  (s,  JP-H  =  1-56 
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Hz,  2  H)  ,  13C  nmr  (CDCl3,  22°C,  6  ):  tert -butyl  31.67  (s), 
C5H3  81.72  (d,  JRh-c  =  6.20  Hz),  82.31  (d,  JRh-c  =  4.04  Hz), 
128.61  (d,  JRh-c  =  5.25  Hz).  MS(70eV):  m/e  1068,  941  (M+-I, 
26),  458  (M+-3I-Rh,  100),  Anal,  calcd.  for  026^2^2*2:  C, 
29.21;  H,  3.90.  Found:  C,  29.75;  H,  3.77. 

Reaction  of  Cp**Rh(pinacolate)  with  CH2I 

Cp**Rh(pinacolate)  (0.020  g,  0.05  mmol)  (7-1)  and  excess 
CH3I  (0.07  g,  0.5  mmol)  was  dissolved  in  25  mL  of  THF  and 
stirred  for  24  hr  at  25  °C .  After  removal  of  solvent  under 
vacuum,  the  residue  was  recrystallized  from  CHCI3  /pentane. 
The  remaining  solid(0.023  g,  87%)  was  identified  as 
rCo**RhIol  2  (8-7)  by  1H  NMR  ,  13C  NMR,  and  EI/MS. 


Photolysis  of  a  solution  of  Cp**Rh (pinacolate)  and 

CHCIt 


A  THF(lOmL)  solution  of  Cp**Rh (pinacolate) (7-1)  (0.020g, 
0.05  mmol)  and  excess  weighed  CHCI3  (0.060  g,0.5  mmol)  was 
photolyzed  at  25  °C  for  2  hr  to  give  orange  solution.  The 
solvent  was  removed  in  vacuum  and  the  residue  was 
recrystallized  from  CH2Cl2/pentane .  The  product (0 . 015  g,  85  %) 
was  shown  to  be  identical  with  rcp**RhCl?l ? (3-2 )  by  m.p,  1H 
NMR  and  13C  NMR. 
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Photolysis  of  a  solution  of  Co**Rh (pinacolate)  and  I? 

Cp**Rh(pinacolate)  (0.020  g,  0.05  mmol) (7^1)  and  excess 
l2(0.064g,  0.5  mmol)  was  dissolved  in  25  mL  of  THF  and 
stirred  for  24  hr  at  25  °C .  After  removal  of  solvent  under 
vacuum,  the  residue  was  recrystallized  from  CHCI3  /pentane. 
The  solid  product (0 . 024  g,  92  %)  was  shown  to  be 
rCp**Rhl2l  0  (8-7)  by  1H  NMR,13C  NMR,  and  FAB  MS. 

Reaction  of  Cp**Rh (pinacolate)  with  Ph-SCbCl 

Cp**Rh(pinacolate)  (0.020  g,  0.05  mmol)  (7-1)  was  placed 
in  a  Schlenk  tube  under  nitrogen  and  dissolved  in  10  mL  of 
THF.  The  solution  was  cooled  to  -78°C  and  PhS02Cl  (0.023  g, 
0.05  mmol)  was  added  with  a  syringe.  The  solution  was  allowed 
to  warm  to  room  temperature  and  stirred  for  2  hr.  The  color 
of  solution  changed  gradually  from  violet  to  purple  orange 
color.  The  solvent  was  evaporated  and  cold  pentane  was  added 
to  give  Cp**Rh  (S02Ph)  2  (iLJLOJ  as  an  orange  solid:  yield  0.016  g 
(71  %) .  m.p.l89-190°C,  iH  NMR  (CDCI3,  22°C,  8):  tert-butyl 
1.35  (s,  18  H) ,  C5H3  5.75  (s,  2  H) ,  5.59  (s,  1  H)  ,  C6H5  7.39 
(m,  J=  28.14  Hz,  6H) ,  7.85  (d,  J=  9.15  Hz,  4  H) ,  13c  NMR 
(CDCI3,  22°  C,  8):  tert-butyl  29.33  (d,  J=  9.90  Hz),  31.17 
(s) ,  C5H3  67.84  (s),  79.59  (d,  JRh-c=  9-51  Hz),  79.74 
(d,  JRh-c  =  4.04Hz),  C6H5  126.6  (d,  JRh-c  =36.5  Hz),  128.11 
(d,  JRh-c  =  7.34  Hz),  131.14(s).  FAB  MS:  m/e  562  (M+,  24),  498 
(M+-S02/  26)  ,  457  (100)  . 
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Photolysis  of  Cp**Rh (pinacolate)  with  DPPE 

Cp**Rh (pinacolate)  (0.020  g,  0.05  mmol) (7-1)  and  DPPE 
(0.020  g,  0.05  mmol)  were  placed  in  a  Schlenk  tube  under 
nitrogen  and  dissolved  in  10  mL  of  THF.  The  solution  was 
subjected  to  partial  vacuum  line  and  photolyzed  under  reduced 
pressure  until  the  color  changed  from  violet  to  dark  orange. 
After  10  min  of  photolysis  the  solution  was  cooled  down  to 
-78°C.  After  evaporation  of  the  solvent,  the  residue  was 
extracted  with  pentane  to  give  Cp**Rh(DPPE) (8-11)  as  an 
orange  solid:  yield  0.025  g  (78  %).  lH  NMR  (C6D6,  22°C,  8): 

tert-butyl  1.13  (s,  18  H)  ,  C5H3  2.67  (d,  Jp_H  =  2.31  Hz,  1  H)  , 
4.97  (d,  Jp-h  =  2.19,  2  H) ,  CH2  1.90  (d,  JP_H  =  18.39  Hz,  4  H) , 
PPh3  7.76  (m,  Jp_H  =  18.15  Hz,  8  H) ,  7.10  (m,  Jp_H  =  14.79  Hz, 
12  H)  ,  13C  NMR(C6D6,  22  °C,  d)  :  tert-butyl   32.7  (s),  C5H3  68.11 
(d,  JRh-c  =  1-50  Hz),  80.26  (d,  JRh-c  =  5.89  Hz),  CH2  31.4  (d, 
jRh-c  =  5.63  Hz),  PPh3  128.68  (m,  JP_C  =  10.67  Hz),  132.75  (m, 
Jp-h  =  11.96  Hz).  MS(70eV):  m/e  678  (M+,  100)  501  (M+-Cp**, 
14.6),  353  (36.2) 

Preparation  of  Cp**Rh  (I)  PPhj^  Intermediate 

Cp**Rh (pinacolate)  (0.020  g,  0.05  mmol) (7-1)  and  PPh3 
(0.014  g,  0.05  mmol)  was  placed  in  a  Schlenk  tube  under 
nitrogen  and  dissolved  in  10  mL  of  THF.  The  solution  was 
photolyzed  under  reduced  pressure  until  the  color  changed 
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from  violet  to  dark  green.  After  10  min  of  photolysis,  the 
solvent  was  removed  and  cold  pentane  was  added  to  precipitate 
an  air  sensitive  yellow-green  solid  Cp**Rh (I) PPhn  (9-1) ;  yield 
0.025  g  (92  %).  lH  NMR  (C6D6,  22°C,  8):  tert-butyl  1.35  (s,  18 
H) ,  C5H3  4.24  (d,  Jp-H  =  2.01  Hz,  2  H) ,  4.32  (s,  Jp-H  =  1.62 
Hz,  1  H)  ,   PPh3  6.93  (d,  Jp-H  -  0.93  Hz,  9  H)  ,  7.68  (m, 
Jp_H  =  21.00  Hz,  6  H)  .  13C  NMR  (C6D6,  22  °C ,  8):  tert-butyl 
33.14(s),  C5H3  82.76  (dd,   JRh-c  =  3.50  Hz,  JRh-c  =  2.90  Hz), 
83.10(s),  PPh3  127.06  (m,  JP_C  =  15.00  Hz),  132.37  (d, 
Jp_c  =  9.62  Hz),  134.56  (d,  JP-C  =  11.63  Hz),  135.20  (d, 
Jp_c  =  12.41  Hz),  31P(1H)NMR(C6D6)  857.06  (d,  JRh-p  =  167.9 
Hz).  FAB  MS  :  m/e  543  (M+l,  100),  458  (28.5),  401  (14.6). 

Reaction  of  Co**Rh(I) (PPh^)  with  CHCI2 

Cp**Rh(pinacolate)  (0.020  g,  0.05  mmol)(7^1)  and  PPh3 
(0.014  g,  0.05  mmol)  were  placed  in  a  Schlenk  tube  under 
nitrogen  and  dissolved  in  10  mL  of  THF  and  the  soluiton  was 
photolyzed  under  reduced  pressure  until  the  color  changed 
from  violet  to  dark  green.  After  10  min  of  photolysis 
CHCI3 (0 . OlOg,  0,1  mmol)  was  added  with  a  syringe  dropwise 
and  the  solution  was  stirred  for  1  hr .  The  volume  was  reduced 
to  1  mL  and  cold  pentane  was  added.  An  orange  solid  (0.015  g, 
83  %)  formed  which  was  shown  to  be  identical  with 
Cp**RhCl2PPh3  (4-3)  by  m.p,  :H  NMR  and  13C  NMR. 
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Reaction  of  Cp**Rh(I) (PPhnj_  with  I? 

Cp**Rh(pinacolate) (0.020g,  0.05  mmol) (7-1)  was  placed  in 
a  Schlenk  tube  under  nitrogen  and  dissolved  in  10  mL  of  THF 
and  the  solution  was  photolyzed  under  reduced  pressure  until 
the  color  changed  from  violet  to  dark  green.  After  10  min  of 
photolysis  the  solid  iodine (0.016  g,  0.06  mmol)  was  added  and 
the  solution  was  stirred  at  25°C.  After  stirring  for  1  hr, 
part  of  volume  (3  mL)  of  solution  was  taken  out  with  a 
syringe  and  concentrated  to  0.5  mL  and  cold  pentane  was  added 
to  afford  a  purple  solid  which  was  identified  as  Cp**Rhl2PPh3 
(9-2) :  yield  0.007  g(  89  %),  XH  NMR  (CDC13,  22°C,  8):  tert- 
butyl  1.38  (s,  18  H) ,  C5H3  4.14  (d,  JP_H  =  1.71  Hz,  2  H) ,  5.54 
(d,  Jp-h  =  5.94  Hz,  1  H)  ,  PPh3  7.84  (m,  9  H)  ,  7.37  (m,  6  H)  , 
13C  NMR  (CDCI3,  22°C,  5):  tert-butyl  30.93,  C5H3  79.85  9(s), 
(d,  JRh-c  =  7.14  Hz),  80.01  (d,  JRh-c=  5.84  Hz),  125.91 
(d,  JRh-c  =  4.95  Hz),  PPh3  134.81  (d,  JP_C  =  9.22  Hz),  130.39 
(d,  Jp_c  =  2.51Hz),  127.68(d,  JP_C  =  10.29  Hz).  MS(70  eV) :  m/e 
899,  669(M+-I,  72.5),  533(M+-PPh3,  24.0),  406  (M+-PPh3-I, 
25.4),  262(PPh3(  6.9).  Anal,  calcd.  for  C44H57RhI2P:  C  58.73; 
H,  6.34  ,  Found:  C,  58.24;  H,  6.23. 

Stirring  was  continued  for  an  additional  6  hr,  and  then 
another  3  mL  of  reaction  solution  was  removed  with  a  syringe. 
After  filtration  the  solution  was  reduced  to  0.5  mL.  Addition 
of  pentane  was  added  lead  to  crystallization.  Two  products 
were  found  by  the  1H  NMR  spectroscopically  in  a  ratio  of 
60:40.  The  first  product  in  small  amount  was  identical  with 
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Cp**Rhl2PPh3  (1^2)  (0.010  g,  36  %).  The  product  in  larger  amount 
was  conformed  as  (Cp**Rhl2) 2  (fbl)  (0.017  g,  54%). 

Stirring  was  continued  for  a  further  3  6  hr,  and  then 
another  3  mL  of  reaction  solution  was  removed  with  a  syringe. 
After  filtration  the  solution  was  reduced  to  0.5  mL  and 
precipitation  with  cold  pentane  gave  two  products  in  a  71:29 
ratio,  which  were  separated  through  M2O3  chromatography  29  % 
of  the  product  of  small  amount  was  identified  as  Cp**Rhl2PPh3 
(9-2)  :  yield  (0.002  g,  26  %).  The  product  of  larger  amount 
was  confirmed  as  (Cp**RhI2)2  (&zl)  :    yield  (0.007  g,  81  %). 

Dimerization  of  Cp**Rh(I). 

Cp**Rh(pinacolate)  (0.060  g,  0.15  mmol)  was  placed  in  a 
Schlenk  tube  under  nitrogen  and  dissolved  in  25  mL  of  THF. 
The  solution  was  photolyzed  for  30  min  under  reduced  pressure 
using  a  27  5  watt  sunlamp  until  the  color  changed  from  violet 
to  dark  red.  After  the  solution  was  evaporated  to  dryness, 
the  residue  was  extracted  with  hexane.  The  extracted  solution 
was  filtered  and  dried  in  vacuum  to  give  0.038  g  of  crude 
product.  The  1H  NMR  of  this  product  indicated  the  presence  of 
two  major  components,  10-8  and  10-10  in  a  ratio  of  33:67.  The 
resulting  solution  was  chromatographed  on  an  AI2O3  column 
(0.6x9  cm,  25°C,  under  nitrogen)  and  eluted  with 
benzene/hexane (3  0  mL,  1:4).  A  red  band  was  the  first  to  be 
eluted  to  give  [ (Cp**Rh) 2 (pinacolate) ] (lO^lOJ  (0 . 010  g,  18%): 
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LH  NMR    (C6D6,    22°C,    8    )    of    10-10    :    tert-butyl    1.23     (s,    36    H) , 
C5H3    5.58    (s,    2   H) ,    5.12    (s,    4   H) ,    CH3 (pinacolate)    1.50(s, 
12    H)  .    13C  NMR    (C6D6#    22°C,    6   )    of    10-10:    tert-butyl    30.81 
(s),    31.68     (s),    C5H3    71.27     (d,    JRh_c  =    14.13    Hz),    75.18     (d, 
jRh-c  =   5.4   Hz),    106.73    (d,   JRh-c  =   5.60  Hz),    CH3 (pinacolate) , 
30.59    (s) ,    85.96(B). 

The   second  brown  band  remained  on  the  column  and  could 
be  eluted  with  benzene/hexane (10  mL,    1:1)    to  give    (Cp**Rh)2 
(10-8)     (O.Ollg,    19%):    !h  NMR    (C6D6,    22°C,    5    )    of    10-8    :    tert- 
butyl    1.18    (s,18H),    C5H3    5.04    (s,lH),    5.22    (d,    JRh-H  =    0.91 
Hz,2H).    13C  NMR    (C6D6/    22°C,    5   )    of   10-8:    tert-butyl   29.90(s), 
30.82(s),    C5H3    78.80    (d,    JRh_c  =    5.57    Hz),    81,06    (d,    JRh-c  = 
14.81   Hz),    113.20    (d,    JRh_c  =    9.53   Hz).    M/S(70eV):      m/e   560 
(M+,     0.74),    501,    456     (M+-Rh,    100). 
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